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1.  INTRODUCTION 

Prostate  cancer  (PCa)  is  the  leading  cancer  diagnosis  and  the  second-leading  cause  of  death  among 
men  in  the  United  States1.  Obesity  is  another  growing  epidemic  in  Western  societies  and  in  developing 
nations,  and  represents  one  of  the  greatest  threats  to  global  human  health2,3.  Importantly,  there  is 
emerging  support  for  a  positive  association  between  obesity  and  increased  risk  of  PCa,  with  stronger 
links  to  more  aggressive  fatal  disease4,5.  However,  despite  the  relatively  high  amount  of 
epidemiological  data  available,  little  is  known  about  the  molecular  basis  underlying  the  association 
among  PCa  progression,  obesity,  and  inflammation,  or  the  role  of  the  adipocyte-cancer  cell  interaction 
in  this  process.  Therefore,  biochemical  and  genetic  studies  using  physiologically  relevant  models  that 
mimic  the  complexity  of  these  processes  are  sorely  needed.  Given  the  current  obesity  epidemic,  it  is 
urgent  to  explore  possible  interventions  to  disrupt  the  obesity-PCa  link.  Identifying  the  molecular 
mechanisms  governing  obesity-induced  PCa  progression  will  have  a  great  impact  on  our  understanding 
of  this  process,  and  will  help  in  the  design  of  more  targeted  and  efficacious  therapies  in  PCa. 
Collaborative  efforts  between  our  two  laboratories  (Diaz-Meco  and  Moscat)  have  identified  p62  as  a 
novel  player  in  PCa  and  in  obesity-induced  inflammation,  providing  us  with  a  unique  in  vivo  model  to 
study,  at  a  cellular  and  molecular  level,  the  mechanisms  regulating  the  obesity-PCa  interface. 
Understanding  the  role  of  p62  in  the  cellular  and  molecular  pathways  controlling  PCa  progression  in 
obesity  will  generate  high-impact  information  critical  for  the  design  of  new  therapeutic  strategies 
aimed  at  targeting  the  tumor  microenvironment.  Interfering  with  adipocyte-tumor  cell  interactions  to 
disrupt  PCa  progression  could  be  a  much-needed  new  therapeutic  avenue. 

2.  KEYWORDS 

Prostate  cancer;  obesity;  inflammation;  p62;  tumor  microenvironment;  adipocyte;  IL-6;  mouse  models; 
stroma;  mTORCl;  nutrient  sensing;  cachexia. 

3.  OVERALL  PROJECT  SUMMARY 

This  annual  report  corresponds  to  the  second  year  of  the  Synergistic  Idea  Development  Awards 
W81XWH- 13- 1-0353  (PI:  Dr.  Diaz-Meco)  and  W81XWH- 13- 1-0354  (Partnering  PI:  Dr.  Moscat). 

The  goal  of  this  synergistic  project  is  to  test  the  hypothesis  that  p62  is  a  molecular  link  that  connects 
obesity,  inflammation,  and  PCa  progression.  This  will  be  addressed  in  three  Specific  Aims: 

Aim  1.  Investigate  the  in  vivo  role  of  p62  in  the  relationship  between  adipose  tissue  and  PCa 
progression. 

Aim  2.  Detennine  the  role  of  p62-mediated  inflammation  in  the  PCa  tumor  microenvironment. 

Aim  3:  Explore  the  role  of  p62  in  the  adipocyte-PCa  cell  interaction  through  cellular  and  mechanistic 
in  vitro  studies. 

The  overall  progress  of  the  project  has  been  excellent.  We  have  greatly  advanced  the  project  and 
successfully  completed  an  important  part  of  the  project.  According  to  the  approved  SOW  we  have 
performed  the  following  tasks  corresponding  to  this  period: 

Task  1:  Breeding  of  the  required  mice  for  experiments  (Months  1-16;  Diaz-Meco  &  Moscat).  This  task 
has  been  completed  as  planned. 

Task  1.1.  Diaz-Meco  lab  has  bred  TRAMP+  mice  with  p62Adipo  mice  provided  by  Moscat  lab  and 
generated  the  required  experimental  mice.  No  major  problems  have  been  encountered  with  the 
breeding  of  these  mice.  These  mice  are  now  being  subjected  to  analysis  in  the  different  tasks. 

Task  1.2.  Moscat  lab  has  also  bred  WT,  p62  KO,  IL-6  KO  and  p62/IL-6  DKO  mice  required  for  the 
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planned  experiments. 


Task  2:  Analysis  of  the  PCa  phenotype  of  TRAMP +/p62Adipo  and  TRAMP1  mice  (Months  4-16;  Diaz- 
Meco) 

Task  2.1.  Disease-free  survival  curves  (Kaplan-Meier  plots)  have  been  completed.  No  changes  in 
survival  were  observed  comparing  the  groups  of  both  genotypes  (Fig.  1A).  This  was  most  probably 
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Figure  1.  Analysis  of  the  PCa  phenotype  of  TRAMP+and  TRAMP4/p62Adlpo  mice.  (A)  Kaplan-Meier  survival  curve 
of  TRAMP4  (n=20),  compared  with  TRAMP+/p62Adlp0  (n=3 1 ).  (B)  Graph  showing  body  weight  and  genitourinary  (GU) 
tract  weight  of  TRAMP4  (n=  1 0)  and  TRAMP+/p62Adlpo  (n=20)  mice  at  30-40  weeks  of  age.  (C)  Histological  analysis  of 
prostrates  of  the  indicated  genotypes.  (D)  Table  showing  incidence  of  metastases  from  TRAMP4  (n=14)  compared  with 
TRAMP+/p62Adip0  mice  (n=30).  (E  and  F)  Pie  chart  and  table  showing  the  distribution  of  metastasis  sites.  (G)  H&E 
staining  of  prostates  and  metastasis  in  different  tissues  of  the  indicated  genotypes  at  37  weeks  of  age.  Scale  bar=100 
pm.  Results  are  shown  as  means  ±  SEM,  */><0.05. 
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due  to  the  huge  volume  of  the  primary  tumor  in  both  groups. 

Task  2.2.  Analysis  of  PCa  progression  in  TRAMP+/p62Adipo  and  TRAMP4  mice:  Diaz-Meco  lab  has 
completed  for  the  most  part  the  characterization  of  the  phenotype  of  TRAMP+/p62Adipo.  We  have 
confirmed  and  extended  to  a  significant  number  of  mice  the  preliminary  characterization  of  a  limited 
cohort  reported  in  our  first  year  report.  We  have  completed  subtasks  2.2.1  to  2.2.5.  The  results  of  these 
tasks  are  presented  in  Fig.  1.  Body  weight  and  GU  weight  was  determined  at  the  endpoint  of  the 
experiment.  Although  there  was  a  tendency  of  higher  body  weight  in  the  TRAMP+/p62Adipo  mice,  there 
were  not  significant  differences  in  this  parameter  between  both  groups  (Fig.  IB).  This  result  was 
unexpected,  but  suggested  that  the  presence  of  the  tumor  could  have  a  profound  effect  in  the  whole 
metabolism  of  the  host.  Thus,  whereas  our  previously  published  results6  demonstrated  that  p62Adipo 
mice  are  significantly  more  obese  that  WT  control  mice  in  regular  as  well  as  in  high-fat  diet,  however 
TRAMP' /p62Adipo  mice  loose  weight  and  their  body  weight  is  not  significantly  different  from  that  of 
TRAMP1  mice.  This  intriguing  result  suggested  us  the  possibility  that  these  mice  could  be  suffering 
cachexia  as  a  result  of  the  PCa  tumor.  In  contrast  to  body  weight,  the  GU  weight  was  significantly 
increased  in  TRAMP+/p62Adipo  mice  as  compared  to  control  group  (Fig.  IB).  Most  importantly,  we 
found  that  TRAMP +/p62Adipo  mice  developed  a  more  aggressive  PCa  phenotype  with  higher  incidence 
of  adenocarcinoma  and  neuroendocrine  tumors  than  TRAMP+  control  mice  (Figs.  1C).  Interestingly, 
TRAMP+/p62Adipo  mice  also  had  a  higher  metastasis  incidence  as  compared  to  the  control  group  (Fig. 
ID).  Of  note,  there  was  also  a  tissue  preference  for  the  metastasis  in  the  TRAMP +/p62Adipo  mice  with 
increased  incidence  in  liver  and  lung  (Figs.  1E-1G).  Furthermore,  we  also  found  metastasis  in  kidney, 
WAT  and  BAT  in  TRAMP+/p62Adipo  mice  that  were  not  detected  in  TRAMP+  (Figs.  1E-1G). 
Collectively,  these  results  suggest  that  the  loss  of  p62  selectively  in  the  adipose  tissue  drives 
tumorigenesis  and  invasiveness  in  PCa.  This  is  consistent  the  increased  risk  associated  with  more 
aggressive  PCa  to  obesity  found  in  multiple  epidemiological  data7,8.  In  addition,  these  results 
demonstrate  a  cause  and  effect  molecular  link  to  start  dissecting  the  mechanism  connecting  obesity  and 
PCa  progression  in  a  suitable,  physiologically  relevant  genetic  in  vivo  model  independent  of  food 
intake  and  diet. 

Task  3:  Analysis  of  the  general  metabolic  characterization  of  TRAMP+/p62Adipo  and  TRAMP+  mice 
(Months  4-16;  Moscat).  A  cohort  of  6  mice  of  each  genotype  has  been  analyzed  for  metabolic  studies 
(CLAMS  and  DXA).  We  have  completed  subtasks  3.1  to  3.7  and  initiated  subtask  3.8.  The  results  of 
these  tasks  are  presented  in  Fig.  2.  As  planned  in  Task  3.1,  we  monitored  the  body  weight  of  a  large 
cohort  of  mice  during  10  months.  In  agreement  with  our  results  of  Fig.  IB,  there  was  a  tendency  of 
higher  body  weight  in  the  TRAMP+/p62Adipo  mice  group,  however  that  was  not  overall  significant  (Fig. 
2A).  Furthennore,  there  were  not  significant  changes  in  percentage  of  lean  mass  or  fat  mass  as 
detennined  by  body  composition  (Fig.  2B).  Oil  red  staining  to  assess  lipid  accumulation  in  liver  also 
revealed  not  significant  differences  between  both  genotypes  (Fig.  2C).  Next,  we  performed  full 
metabolic  characterization  by  using  an  automated  indirect  calorimetry  system  (CLAMS).  The  analysis 
of  all  the  metabolic  parameters  measured  including  food  intake,  drinking,  horizontal  and  vertical 
activity,  volume  of  O2  (VO2),  volume  of  CO2  (VCO2),  respiratory  exchange  ratio  (RER)  and  energy 
expenditure  (EE)  did  not  show  significance  changes  between  the  TRAMP+/p62Adipo  mice  group  as 
compared  to  the  control  TRAMP1  mice  (Figs.  2D-2L).  These  surprising  results  are  extremely 
interesting  because  they  unveiled  the  impact  that  the  PCa  tumor  has  in  the  metabolism.  As  mentioned 
above  in  regard  to  the  lack  of  differences  in  body  weight,  these  metabolic  results  suggest  that 
TRAMP+/p62Adipo  mice  are  suffering  a  cancer-associated  cachexia  phenotype.  In  fact,  a  similar 
metabolic  analysis  performed  in  p62Ad po  mice  showed  decreased  energy  expenditure  accompanied  by  a 
significant  reduction  in  locomotor  activity  as  compared  to  WT  control  mice6.  This  indicates  that  the 
presence  of  tumor  in  TRAMP+/p62Adipo  mice  provoked  a  metabolic  dysfunction  in  the  p62Adipo  mice 
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Figure  2.  Metabolic  analysis  of  TRAMP+  and  TRAMP+/p62Ad,po  mice.  (A)  Body  weight  of  TRAMP+  (n=20),  compared  with 
TRAMP+/p62Adlp0  (n=33)  from  6  to  40  weeks  of  age.  (B)  DEXA  analysis  of  mice  of  7  month  of  age.  Fat  and  lean  mass  as  the 
percentage  of  total  body  weight.  (C)  Representative  pictures  of  Oil  Red  staining  from  TRAMP1  and  TRAMP+/p62Ad,po  livers.  (D- 
L)  Mice  were  housed  in  a  metabolic  chamber  and  monitored  using  Comprehensive  Lab  Animal  Monitoring  System  CLAMS.  (D) 
Oxygen  consumption.  (E)  Carbon  Dioxide  production.  (F)  Respiratory  Exchange  Rate.  (E)  Drinking  volume.  (H)  Food  intake. 
(I-J)  Locomotor  activity.  (K)  Heat  production.  (L)  Energy  expenditure  in  relation  to  body  weight.  (M)  Glucose  tolerance  and  (N) 
insulin  sensitivity  tests.  Scale  bar=100  urn. 
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increasing  their  metabolic  rate  to  reach  the  same  energy  expenditure  than  TRAMP1  mice.  This  is 
consistent  with  the  increased  energy  expenditure  and  activation  of  thermogenesis  that  have  been 
proposed  as  causative  for  cancer-associated  cachexia  9,10,1 0  Of  note,  TRAMP +/p62Adipo  mice  that  have 
no  longer  increased  body  weight  or  energy  expenditure  alterations,  they  however  still  displayed  an 
insulin  resistance  phenotype.  Thus,  TRAMP+/p62Adipo  mice  have  defects  in  glucose  and  insulin 
responses  as  measured  in  glucose  tolerance  (GTT)  and  insulin  tolerance  (ITT)  tests  (Figs.  2M-2N). 
These  results  open  a  new  aspect  of  investigation  in  our  project,  since  not  only  the  adipose  tissue  talks 
to  the  tumor  to  make  it  more  aggressive,  but  also  the  tumor  impacts  the  metabolism  of  the  host. 


Task  4.  Gene  expression  studies  of  prostate  and  metabolic  tissues  in  TRAMP+/p62Adipo  and  TRAMP 

mice  (Months  12-18;  Diaz-Meco  &  Moscat). 

Task  4.1.  Determine  by  Q-PCR  in  RNA  of  liver,  muscle,  white  adipose  tissue,  brown  adipose  tissue 
and  prostate  of  mice  of  the  different  genotypes.  This  analysis  will  be  perfonned  to  a  single  time  point 
selected  from  the  results  of  Task  2  &  3.  The  following  well  established  metabolic  genes  will  be 
determined:  ACO,  ACC,  PGC-la,  PGC-lp,  CPT-1,  UCP1,  UCP2,  UCP3,  G6Pase,  PEPCK,  PPAR-a, 
PPAR-5,  PPARy,  C/EBPa,  and  C/EBP|3.  (Moscat). 

For  this  task,  we  have  decided  to  do  RNASeq  analysis  in  the  samples  of  white  adipose  tissue  (WAT) 
that  we  believe  will  be  the  critical  initiator  of  the  crosstalk  with  the  prostate,  and  to  have  a  more 
unbiased  and  complete  view  of  the  metabolic  changes  that  could  be  driving  the  PCa  phenotype  that  we 
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Figure  3.  Gene  expression  profile  of  white  adipose  tissue  from  TRAMP+  and  TRAMP+/p62Adlp"  mice. 

Q-PCR  of  metabolic  genes  (ACO,  ACC,  PGC-la,  PGC-ip,  CPT-1,  UCP1,  UCP2,  UCP3,  G6Pase,  PEPCK,  PPAR-a, 
PPAR-5,  PPARy,  C/EBPa,  and  C/EBP  |3)  in  epididymal  white  adipose  tissue  from  TRAMP+  and  TRAMP+/p62Adlpo 
mice.  Results  are  shown  as  means  ±  SEM.  n=3.  *y?<0.05,  **£><0.01,  ***/?<0.001. 
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have  found  in  task  2.  We  have  just  got  the  results  and  they  will  be  thoroughly  analyzed  during  the  next 
period.  Initially,  we  have  looked  at  the  metabolic  genes  that  were  planed  in  this  task.  The  results  are 
presented  in  Fig.  3.  The  most  important  finding  during  this  analysis  was  the  switch  found  in  the 
expression  of  UCP1  in  the  WAT  of  the  TRAMP+/p62Adipo  mice  (Fig.  3).  An  increase  in  UCP1  in  WAT 
is  known  as  WAT  browning  since  UCP1  is  mostly  expressed  in  brown  adipose  tissue  (BAT). 
Interestingly,  p62Adipomice  had  a  decreased  expression  of  UCP1  in  BAT  consistent  with  their  reduced 
energy  expenditure6,  whereas  TRAMP +/p62Adipo  mice  have  increase  levels  of  UCP1  in  WAT.  This  is 
very  interesting  because  it  has  been  recently  shown  that  WAT  browning  with  increased  expression  of 
UCP1  takes  place  in  the  initial  stages  of  cancer-associated  cachexia.  Therefore,  our  gene  expression 
results  are  totally  consistent  with  the  metabolic  data  obtained  in  Task  3,  and  indicated  that  there  is  a 
cancer-associated  cachexia  phenotype  in  TRAMP +/p62Adipo  mice. 

Task  5.  Metabolomic  profile  of  PCa  tumors  and  adipose  tissue  (Months  19-22;  Diaz-Meco  & 
Moscat). 

This  task  will  be  addressed  during  the  next  year  of  the  project. 

Task  6.  In  vivo  characterization  of  inflammation  in  PCa  tumors,  and  adipose  tissue  (Months  23-30; 
Diaz-Meco  &  Moscat). 

Task  6.1  that  is  pending  from  the  previous  year  will  be  completed  during  the  next  period.  The 
inflammatory  characterization  of  the  adipose  tissue  will  be  obtained  from  the  RNASeq  analysis  already 
performed  in  task  4.1. 

Task  7.  3D  Organotypic  cultures  to  study  the  adipocyte-PCa  cell  interaction  in  vitro  (Months  30-36; 
Diaz-Meco  &  Moscat). 

This  task  will  be  addressed  in  the  next  period. 

We  believe  we  have  made  an  excellent  progress  in  the  project,  and  have  got  very  exciting  results. 
During  the  next  year,  we  will  continue  working  to  complete  the  pending  tasks,  and  to  decipher  the 
mechanism  how  the  adipose  tissue  controls  PCa,  but  also  we  will  interrogate  in  our  model  how  the  PCa 
tumor  talks  to  the  adipose  tissue  to  induce  cachexia. 

In  addition,  we  have  also  complemented  these  studies  with  research  aimed  to  understand  how  p62 
senses  nutrients.  These  results  have  been  recently  published  in  the  top-notch  journal  Cell  Reports12 
(see  Appendix).  The  ability  to  sense  and  response  to  fluctuation  in  nutrient  levels  is  a  requisite  for  life. 
During  food  abundance,  nutrient  sensing  pathways  engage  anabolism  and  storage,  whereas  scarcity 
triggers  homeostatic  mechanisms,  such  as  the  mobilization  of  internal  stores  through  autophagy. 
Importantly,  nutrient-sensing  pathways  are  commonly  deregulated  in  human  metabolic  disease  such  as 
obesity.  Central  to  this  process  is  the  nutrient-sensitive  kinase  complex  mTORCl  that  integrate  the 
response  to  growth  factors,  energy  levels  and  nutrients,  specifically  amino  acids.  Interestingly,  we  have 
found  a  nutrient  sensing  pathway  that  is  selectively  activated  in  response  to  amino  acids  and  that  is 
critical  for  PCa  cells.  We  have  identified  a  kinase  cascade  that  is  highly  upregulated  in  PCa  and  that  is 
essential  for  tumor  development.  Because  kinases  are  eminently  druggable  targets,  our  findings  have 
the  potential  to  open  new  avenues  for  designing  novel  treatments  for  cancer. 
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4.  KEY  RESEARCH  ACCOMPLISHMENTS 


•  p62  selective  deficiency  in  the  adipose  tissue  promotes  a  more  aggressive  PCa  phenotype, 
providing  a  link  between  obesity  and  adiposity  and  PCa  progression. 

•  p62  selective  deficiency  in  the  adipose  tissue  changes  the  metastasis  incidence  and  the  tissue 
preference  for  metastasis. 

•  Generation  of  a  new  mouse  model  to  study  cancer-associated  cachexia. 

•  Full  metabolic  characterization  of  mice  with  selective  deficient  of  p62  in  the  adipose  tissue  and 
PCa  tumors  revealed  a  phenotype  of  cancer-associated  cachexia. 

•  p62  selective  deficiency  in  the  adipose  tissue  promotes  a  WAT  switch  with  browning  and  increased 
UCP1. 

•  Identification  of  a  novel  kinase  cascade  that  regulates  nutrient  sensing  to  control  mTORCl 
activation. 

•  Novel  nutrient  sensing  mechanism  critical  for  PCa  cell  growth  and  autophagy. 

•  The  p62-kinase  cascade  identified  is  overexpressed  in  human  PCa  tumors  and  is  required  for  PCa 
tumor  growth. 

5.  CONCLUSION 

During  this  year,  there  have  been  three  major  areas  of  effort  of  this  synergistic  project: 

1)  The  full  characterization  of  the  prostate  phenotype  caused  in  vivo  by  p62  selective  deficiency 
in  the  adipose  tissue  that  has  lead  to  the  important  conclusion  that  obesity  drives  a  more 
aggressive  PCa  phenotype  with  higher  incidence  of  metastasis. 

2)  The  metabolic  studies  at  whole  body  level  as  well  as  a  cellular  level  that  have  identified  a 
cancer-associated  cachexia  phenotype  in  the  obese  p62  adipose-deficient  mice  harboring  PCa 
tumors.  This  opens  the  need  to  investigate  not  only  how  the  adipose  tissue  influences  the  PCa 
tumor,  but  also  how  the  tumor  instructs  and  transforms  the  adipose  tissue  for  its  own  benefit. 

3)  The  complementary  studies  at  understanding  the  molecular  mechanisms  how  p62  senses 
nutrients  that  have  allowed  the  identification  of  a  druggable  kinase  cascade  as  potential  novel 
therapeutic  strategies  for  PCa. 

6.  PUBLICATIONS,  ABSTRACTS,  AND  PRESENTATIONS 

Publications: 


■f  Peer-Reviewed  Scientific  Journals: 

Linares  J.F.,  Duran  A.,  Reina-Campos  M.,  Aza-Blanc  P.,  Campos  A.,  Moscat  J.,  Diaz-Meco  M.T. 
(2015).  Amino  Acid  Activation  of  mTORCl  by  a  PB1 -Domain-Driven  Kinase  Complex  Cascade.  Cell 
Rep.  12,  1339-52.  PMCID:  PMC4551582 

Moscat  J.,  Richardson  A.,  Diaz-Meco  M.T.  (2015).  Nutrient  stress  revamps  cancer  cell  metabolism. 
Cell  Research  25:537-38 
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Z  Lay  press: 

Our  publication  in  Cell  Reports  has  been  reviewed  in  several  lay  articles: 

Health  Innovations.  August  14,  2015.  “Study  identifies  mTOR  pathway  that  controls  cancer 
proliferation  via  nutrients”. 

Science  Daily.  August  13,  2015.  “Scientists  discover  a  pathway  that  controls  cancer  cell  proliferation 
by  nutrients”. 

Abstracts  and  presentations: 

“Metabolic  Reprogramming  in  the  Tumor  Stroma  by  the  p62/mTORCl  Pathway”  Case  Western 
Reserve,  Cleveland,  2014.  Speaker  (Moscat). 

“Autophagy  and  Metabolic  Reprograming  in  the  Tumor  Stroma”  in  the  Major  Symposium  on 
“Autophagy  and  Cancer”  at  the  Annual  AACR  meeting,  Philadelphia,  2015.  Speaker  (Moscat). 

“Dual  role  of  p62/mTORCl  in  the  tumor  microenvironment”.  The  San  Diego  Center  for  Systems 
Biology.  UCSD  (San  Diego,  2015).  Speaker  (Moscat). 

“Metabolic  reprograming  in  cancer”  C3  Cancer  Centers  Consortium  Retreat,  UCSD,  2015.  Speaker 
(Moscat). 

“Targeting  Metabolic  Reprograming  in  Cancer”  Centro  Nacional  de  Biotecnologia,  Madrid,  Spain, 
2015.  Speaker  (Moscat) 

“Cell  Death  and  Survival  Networks”.  Helmholtz  Zentrum  Munchen,  Munich,  2015  Speaker  (Moscat) 

“Nutrient  Sensing  in  Cancer”.  Helmholtz  Zentrum  Munchen,  Munich,  2015  Speaker  (Diaz-Meco) 

“Metabolic  reprograming  of  the  tumor  microenvironment  through  p62”.  2nd  Annual  Meeting  of 
International  Ovarian  Cancer  Consortium  in  conjunction  with  the  International  Symposium  on  Tumor 
Microenvironment  and  Therapy  Resistance  -Oklahoma  City,  2015,  Speaker  (Diaz-Meco) 

7.  INVENTIONS,  PATENTS  AND  LICENSES 

Nothing  to  report. 

8.  REPORTABLE  OUTCOMES 

•  New  mouse  model  to  study  the  link  of  obesity  and  prostate  cancer  and  cachexia. 

•  Two  manuscripts  (one  in  Cell  Reports  and  another  in  Cell  Research)  co-authored  by  both 
laboratories  (Moscat  and  Diaz-Meco)  (see  above  in  Publications). 

9.  OTHER  ACHIEVEMENTS 

Nothing  to  report. 
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SUMMARY 

The  mTORCI  complex  is  central  to  the  cellular  res¬ 
ponse  to  changes  in  nutrient  availability.  The  sig¬ 
naling  adaptor  p62  contributes  to  mTORCI  activation 
in  response  to  amino  acids  and  interacts  with  TRAF6, 
which  is  required  for  the  translocation  of  mTORCI 
to  the  lysosome  and  the  subsequent  K63  poly- 
ubiquitination  and  activation  of  mTOR.  However, 
the  signal  initiating  these  p62-driven  processes  was 
previously  unknown.  Here,  we  show  that  p62  is  phos- 
phorylated  via  a  cascade  that  includes  MEK3/6  and 
p388  and  is  driven  by  the  PB1 -containing  kinase 
MEKK3.  This  phosphorylation  results  in  the  recruit¬ 
ment  of  TRAF6  to  p62,  the  ubiquitination  and  activa¬ 
tion  of  mTOR,  and  the  regulation  of  autophagy  and 
cell  proliferation.  Genetic  inactivation  of  MEKK3  or 
p388  mimics  that  of  p62  in  that  it  leads  to  inhibited 
growth  of  PTEN-deficient  prostate  organoids.  Anal¬ 
ysis  of  human  prostate  cancer  samples  showed  upre- 
gulation  of  these  three  components  of  the  pathway, 
which  correlated  with  enhanced  mTORCI  activation. 

INTRODUCTION 

Cell  metabolism  is  responsive  to  the  availability  of  environmental 
and  intracellular  nutrients.  The  mTORCI  kinase  complex  is  a 
key  nutrient  sensor  and  an  essential  mediator  of  this  response 
via  its  actions  as  a  regulator  of  anabolism  and  autophagy  (Hay 
and  Sonenberg,  2004;  Laplante  and  Sabatini,  2012).  The  aber¬ 
rant  activation  of  mTORCI  has  important  repercussions  in 
several  diseases,  including  cancer  (Guertin  and  Sabatini,  2007; 
Laplante  and  Sabatini,  2012;  Sabatini,  2006).  An  essential  step 
in  amino-acid-induced  activation  of  mTORCI  is  its  translocation 
to  the  lysosome,  mediated  by  the  Rag  guanosine  triphospha¬ 
tases  (GTPases),  where  it  is  activated  by  another  GTPase  termed 
Rheb  (Duran  and  Hall,  2012;  Sancak  et  al.,  2008,  2010;  Yuan 
et  al.,  2013).  A  lysosomal  pentameric  complex  termed  ragulator, 
along  with  the  vacuolar-ATPase,  have  been  proposed  to  pro¬ 
mote  the  exchange  of  GDP  for  GTP  on  RagA  or  RagB  in 


amino-acid-activated  cells  (Sancak  et  al.,  2010).  Additionally, 
the  Rags  have  been  shown  to  be  regulated  by  other  proteins 
including  the  GATOR1  complex  (Bar-Peled  et  al.,  2013),  FLCN 
(Petit  et  al.,  2013;  Tsun  et  al.,  2013),  and  sestrins  (Budanov 
and  Karin,  2008;  Chantranupong  et  al.,  2014).  There  is  also  evi¬ 
dence  for  Rag-independent  mechanisms  of  mTORCI  activation. 
For  example,  it  has  recently  been  reported  that  Rabl  A  mediates 
mTORCI  activity  in  a  Rag-independent  manner  through  the  for¬ 
mation  of  a  Rheb-mTORCI  complex  in  the  Golgi  (Thomas  et  al., 
2014).  Moreover,  RagA-null  cells  display  a  diffuse  cytosolic 
localization  of  mTOR  and  RagC  but  can,  nonetheless,  maintain 
the  activity  of  mTORCI  (Efeyan  et  al.,  2014).  Also,  it  has  recently 
been  shown  that  RheB-null  cells  retain  significant  levels  of 
mTORCI  activity  (Groenewoud  et  al.,  2013).  Moreover,  very 
recent  results  suggest  that  the  mechanism  whereby  glutamine 
activates  mTORCI  differs  from  that  of  leucine  as  it  is  indepen¬ 
dent  of  the  Rag-Ragulator  cascade  and  is  mediated  by  Arf-1 
(Jewell  et  al.,  2015).  Therefore,  it  is  clear  that  our  comprehension 
of  mTORCI  activation  is  still  fragmentary  and  that  more  work  is 
necessary  to  achieve  a  thorough  understanding  of  the  mecha¬ 
nisms  that  modulate  its  activity  in  response  to  nutrients. 

The  signaling  adaptor  p62  (also  known  as  SQSTM1)  is  cen¬ 
tral  to  cell  survival  and  proliferation  through  the  activation  of 
mTORCI  (Duran  et  al.,  2008,  2011;  Linares  et  al.,  2013;  Moscat 
and  Diaz-Meco,  2009,  2011;  Valencia  et  al.,  2014).  This  is 
achieved  through  the  interaction  of  p62  with  raptor,  a  distinc¬ 
tive  component  of  the  mTORCI  complex,  and  by  facilitating 
mTORCI  translocation  to  the  lysosome,  a  process  that  likely  in¬ 
volves  the  interaction  of  p62  with  the  Rag  proteins  (Duran  et  al., 
2011).  Our  recent  data  demonstrate  that  the  E3-ubiquitin  ligase 
TRAF6  is  another  important  player  in  this  process  (Linares 
et  al.,  2013).  That  is,  the  interaction  of  TRAF6  with  p62  facilitates 
the  lysosomal  recruitment  of  mTORCI  and  catalyzes  the  K63 
polyubiquitination  of  the  mTOR  subunit  of  the  complex,  which 
is  required  for  its  optimal  activation  by  amino  acids  (Linares 
et  al.,  2013).  Therefore,  the  p62/TRAF6  tandem  must  be  con¬ 
sidered  an  important  modulator  of  nutrient  sensing  through 
mTORCI.  Consistent  with  this  notion,  the  loss  of  TRAF6,  like 
that  of  p62,  attenuated  proliferation  and  the  transforming  proper¬ 
ties  of  cancer  cells  and  led  to  enhanced  autophagy,  which  could 
be  rescued  by  the  expression  of  a  permanently  active  RagB 
mutant,  indicating  that  p62  acts  upstream  of  the  Rag  proteins 
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Figure  1.  p62  Phosphorylation  at  T269/S272  Was  Required  for  mTORCI  Activation  in  Response  to  Amino  Acids 

(A)  p62  domain  organization  and  phosphorylation  sites  identified  by  mass  spec.  Phosphorylation  of  T269  and  S272  was  induced  by  amino  acids  (upper  panel). 
Alignment  of  the  amino  acid  sequence  of  human  p62  (264-276)  with  orthologs  in  other  species  is  shown  (lower  panel). 

(B)  p62  phosphorylation  at  T269  and  S272  is  induced  by  amino  acids.  HEK293T  cells  were  starved  of  amino  acids  for  50  min  and  restimulated  with  amino  acids  for 
the  indicated  durations.  Cell  lysates  were  analyzed  by  immunoblotting. 

(legend  continued  on  next  page) 
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(Linares  et  al.,  2013).  Thus,  p62  acts  as  a  scaffold,  bringing  com¬ 
ponents  involved  in  the  control  of  mTORCI  signaling  to  the  cor¬ 
rect  cellular  location  (Duran  et  al.,  2011).  How  mTORCI  is  linked 
to  the  upstream  nutrient-sensing  machinery  and  the  potential 
role  of  p62  in  that  process  are  key  unresolved  issues. 

Here,  we  demonstrate  that  p62  phosphorylation  at  T269/S272 
is  a  critical  event  in  channeling  the  amino  acid  response  to 
mTORCI  activation,  likely  due  to  its  ability  to  orchestrate  the 
binding  of  p62  with  the  different  components  of  the  mTORCI - 
signaling  complex.  That  is,  we  found  that  p62  organizes  a  molec¬ 
ular  platform  with  a  kinase  cascade  that  is  initiated  by  MEKK3 
and  triggers  the  activation  of  p385,  is  driven  by  PB1 -domain  in¬ 
teractions  between  p62  and  MEKK3,  and  is  located  on  the  lyso¬ 
somal  surface.  These  kinases,  like  p62,  are  selectively  required 
for  amino-acid-induced  mTORCI  activation  whereas  dispens¬ 
able  for  insulin  signaling  and  are  required  for  effective  control 
of  cell  growth,  autophagy,  and  transformation.  These  findings 
define  a  critical  mechanism  to  transmit  nutrient-sensing  signals 
to  the  mTORCI  complex,  which  is  mediated  by  phosphorylation 
of  the  scaffold  protein  p62. 

RESULTS 

p62  Phosphorylation  Is  Required  for  the  Activation  of 
mTORCI  by  Amino  Acids 

The  mechanisms  whereby  mTORCI  respond  to  amino  acids  are 
not  fully  understood.  Our  previous  data  demonstrated  that  p62  is 
a  scaffold  in  this  pathway  (Duran  et  al.,  2011;  Linares  etal.,  2013), 

but  the  process  by  which  it  senses  amino  acids  remains  to  be 
elucidated.  Recent  studies  have  suggested  phosphorylation  as 
a  regulatory  mechanism  for  the  control  of  p62  function  (Ichimura 
et  al.,  2013;  Linares  et  al.,  201 1 ;  Matsumoto  et  al.,  2011).  There¬ 
fore,  we  hypothesized  that  nutrient-driven  p62  phosphorylation 
might  underlie  p62-mediated  activation  of  mTORCI  in  response 
to  amino  acids.  To  address  this  possibility,  we  generated 
HEK293T  cells  stably  expressing  FLAG-tagged  p62  or  FLAG 
control.  Cells  were  stimulated  with  amino  acids,  after  which 
anti-FLAG  immunoprecipitates  were  subjected  to  liquid  chroma¬ 
tography  coupled  to  mass  spectrometry  (LC-MS).  We  found  that 
p62  exhibited  low-abundance  baseline  phosphorylation  at  resi¬ 
dues  S28,  T221 ,  and  S224  that  was  constitutive  and  not  changed 
upon  amino  acid  stimulation  (Figure  1A,  upper  panel).  In  con¬ 
trast,  we  found  that  phosphorylation  at  residues  T269  and 


S272  was  markedly  induced  by  amino  acids  (Figure  1A,  upper 
panel).  These  sites,  and  their  surrounding  sequences,  were 
highly  conserved  across  species  (Figure  1A,  lower  panel).  To 
establish  the  relevance  of  these  phosphorylation  events  in 
mTORCI  signaling,  we  used  a  phosphospecific  antibody  gener¬ 
ated  against  the  human  p62  peptide  SRLT(P)PVS(P)PES(C), 
which  allowed  us  to  detect  phospho-T269/S272.  Interestingly, 
immunoblot  analysis  revealed  the  strong  phosphorylation  of 
p62  at  T269/S272  upon  re-addition  of  all  amino  acids  to  cells 
amino  acid  starved  (Figure  1 B).  Leucine  and  arginine,  two  key 
amino  acids  for  mTORCI  stimulation,  also  promoted  p62- 
T269/S272  phosphorylation,  which  correlated  with  the  magni¬ 
tude  of  mTORCI  activation,  as  measured  by  phosphorylation 
of  S6K  (Figure  1C).  Conversely,  amino  acid  starvation  resulted 
in  a  pronounced  inhibition  of  p62-T269/S272  phosphorylation, 
concomitant  with  the  decrease  of  mTORCI  activity  (Figure  1 D). 
Mutation  of  p62-T269/S272  sites  to  alanine  (p62T269/S272AA) 
abolished  amino-acid-induced  p62  phosphorylation,  demon¬ 
strating  that  these  are  bona  fide  nutrient-sensitive  p62  phos¬ 
phorylation  residues  (Figure  IE).  To  explore  whether  phosphor¬ 
ylation  of  p62  has  any  impact  on  its  ability  to  regulate  mTORCI 
activity,  we  used  p62  KO  MEFs  reconstituted  with  either  p62WT 
or  p02T269/S272AA.  Consistent  with  our  previously  published 
data,  mTORCI  activation  in  response  to  amino  acids  was 
impaired  in  p62-deficient  cells  (Figure  IF)  (Duran  et  al.,  2011). 
Importantly,  whereas  re-expression  of  p62WT  restored  mTORCI 
activity  in  the  KO  MEFs,  that  of  p62T269/S272AA  failed  to 
do  so,  as  demonstrated  by  phosphorylation  of  multiple  mTORCI 
downstream  targets  including  S6K,  S6,  and  4EBP1  (Fig¬ 
ure  1 F).  Furthermore,  overexpression  of  an  active  RagB-GTP- 
bound  mutant  rescued  the  mTORCI  inhibition  caused  by 
p62T269/S272AA  expression  (Figure  1G).  This  is  in  agreement 
with  p62  acting  upstream  of  the  Rag  GTPases  in  the  control  of 
mTORCI  signaling  in  the  amino  acid  pathway  and  supports 
the  notion  that  p62  phosphorylation  also  lies  upstream  of  Rag 
activation  (Duran  et  al.,  2011).  In  keeping  with  a  specific  role 
for  p62  in  the  amino  acid,  but  not  in  the  insulin  pathway,  insulin 
did  not  promote  p62  phosphorylation,  which,  in  turn,  was 
not  required  for  insulin-induced  mTORCI  activity  (Figure  1H). 
Notably,  p62  phosphorylation  was  also  critical  for  assembly  of 
the  amino-acid-induced  p62-mTORC1  complex,  as  demon¬ 
strated  by  the  ability  of  p62T269/S272AA  expression  to  inhibit  the 
interaction  of  p62  with  the  different  components  of  mTORCI, 


(C)  p62  phosphorylation  was  determined  in  response  to  different  amino  acids.  HEK293T  cells  were  starved  of  amino  acids  and  restimulated  with  the  indicated 
amino  acids  for  30  min. 

(D)  Amino  acid  starvation  inhibits  p62  phosphorylation  and  mTORCI  activation.  HEK293T  cells  were  starved  of  amino  acids  for  the  indicated  durations.  Total  cell 
lysates  were  analyzed  by  immunoblotting. 

(E)  Mutation  of  p62-T269/S272  sites  to  alanine  (p62T269/S272AA)  abolished  p62  phosphorylation  in  response  to  amino  acids.  HEK293T  cells  stably  expressing 
FLAG-p62WT  or  FLAG-p62T269/S272AA  were  treated  and  analyzed  as  in  (B). 

(F)  The  p62T269/S272AA  mutant  was  not  able  to  reconstitute  mTOR  activation  in  p62KO  MEFs.  WT  and  p62KO  MEFs,  reconstituted  with  p62WT  or  p62T269/S272AA, 
were  treated  as  in  (B).  Cell  lysates  were  analyzed  by  western  blot. 

(G)  RagBGTP  overexpression  rescued  the  defects  in  mTOR  activation  by  amino  acids  in  cells  stably  expressing  the  p02T269/S272AA  mutant.  HEK293T  cells  stably 
expressing  FLAG-p62WT,  FLAG-p62T269/S272AA,  or  FLAG-p62T269/S272AAand  FLAG-RagBGTP  were  treated  as  in  (B)  and  immunoblotted  for  the  specified  proteins. 

(H)  p62  phosphorylation  was  not  required  for  mTOR  activation  by  insulin.  HEK293T  cells  stably  expressing  FLAG-p62WT  or  FLAG-p62T269/S272AA  were  deprived  of 
serum  for  24  hr  and  stimulated  with  insulin  for  the  indicated  durations.  Cell  lysates  were  analyzed  by  western  blot. 

(I)  The  p02T269/S272AA  mutant  eliminated  the  interaction  of  p62  with  different  components  of  the  mTORCI  complex.  HEK293T  cells  stably  expressing  FLAG-p62WT 
or  FLAG-p62T269/S272AA  were  treated  as  in  (B).  Cell  lysates  and  FLAG-tagged  immunoprecipitates  were  immunoblotted  to  detect  the  indicated  proteins. 
Results  are  representative  of  three  experiments.  See  also  Figure  SI . 
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Figure  2.  MEKK3  Was  a  Critical  Kinase  for  p62  Phosphorylation  and  mTORCI  Activation  in  Response  to  Amino  Acids 

(A)  Schematic  of  the  different  types  of  PB1  domains  based  on  the  presence  of  an  acid  cluster  (type  1),  basic  cluster  (type  II),  or  both  in  the  same  domain  (type  I/ll). 

(B)  p62  and  MEKK3  domain  architecture  and  schematic  of  the  interaction  between  the  acidic  cluster  of  the  PB1  domain  of  p62  and  the  basic  domain  of  MEKK3. 


(legend  continued  on  next  page) 


1 342  Cell  Reports  12,  1 339-1 352,  August  25,  201 5  ©201 5  The  Authors 


OPEN 

ACCESS 

CelPress 


including  mTOR,  raptor,  and  TRAF6  (Figure  II).  Mutation  of 
p62-T269/S272  sites  to  aspartic  acid  did  not  mimic  p62  phos¬ 
phorylation  and  did  not  restore  mTORCI  activation  or  TRAF6 
recruitment  (Figures  SI  A  and  SIB).  Together,  these  findings 
demonstrate  that  p62  phosphorylation  is  a  key  event  in  mTORCI 
activation,  selectively  in  response  to  amino  acids. 

MEKK3  Is  a  Critical  Kinase  for  Amino-Acid-Induced  p62 
Phosphorylation 

An  important  question  arising  from  these  results  is  the  identity  of 
the  amino-acid-activated  p62  kinase.  In  this  regard,  the  structure 
of  p62  includes  a  PB1  domain,  which  is  a  protein-protein  interac¬ 
tion  module  that  is  present  in  kinases,  such  as  the  atypical  PKCs 
(PKC?  and  PKCX/i)  and  MEKK3,  as  well  as  in  signaling  adapters 
such  as  Par-6  and  NBR1  (Moscat  et  al.,  2006;  Sanchez  et  al., 
1998).  Protein  dimerization  occurs  by  PB1-PB1  interactions 
through  a  p-grasp  topology  in  a  front-to-back  orientation  of  the 
two  PB1  domains.  This  involves  electrostatic  interactions  of  a 
cluster  of  basic  residues  in  one  of  the  PB1  domains  that  can 
bind  clusters  of  acidic  amino  acids  in  the  back  of  a  second  PB1 
(Figure  2A)  (Moscat  et  al.,  2006;  Sumimoto  et  al.,  2007).  The 
PB1  domains  can  be  classified  into  three  different  types  based 
on  the  presence  of  the  acid  cluster  (type  I),  the  basic  cluster 
(type  II),  or  both  in  the  same  domain  (type  I/ll;  Figure  2A).  The 
PB1  domain  of  p62  belongs  to  the  type  I/ll  group  and,  therefore, 
can  accommodate  interactions  through  both  faces  (Moscat  et  al., 
2006;  Sumimoto  et  al.,  2007).  In  this  regard,  we  previously 
showed  that  proteins  such  as  PKCi(,  PKCX/t,  or  NBR1,  which 
interact  with  p62  through  its  basic  cluster,  were  not  required  for 
the  activation  of  mTORCI  (Duran  et  al.,  2011).  In  contrast,  we 
found  that  disruption  of  the  acidic  cluster  of  p62,  by  mutation  of 
D69/D73  to  alanine,  abolished  p62  phosphorylation  in  response 
to  amino  acids  (Figures  2B  and  2C).  This  suggests  that,  if  a 
PB1 -domain  protein  is  involved  in  mTORCI  activation,  it  must 
interact  with  the  acidic  cluster  of  p62  using  its  basic  cluster.  Inter¬ 
estingly,  the  PB1 -domain-containing  kinase,  MEKK3,  harbors  a 
type  II  PB1  domain  and  previous  results  have  shown  that  the 
p62  D69A/D73A  PB1 -domain  mutant  is  unable  to  interact  with 


MEKK3  (Figure  2B)  (Nakamura  et  al.,  2010).  Consistent  with 
this,  the  overexpression  of  MEKK3  resulted  in  the  phosphoryla¬ 
tion  of  p62WT,  but  not  of  p62T269/S272AA  (Figure  2D).  Furthermore, 
p62  phosphorylation  in  response  to  MEKK3  overexpression  was 
eliminated  in  the  p62  PB1 -domain  mutant  (Figure  2E).  MEKK3 
overexpression,  but  not  that  of  a  kinase-dead  mutant,  was  able 
to  induce  the  phosphorylation  of  p62  at  T269/S272  (Figure  2F), 
which  correlated  with  mTORCI  activation  (Figure  2F),  suggesting 
that  MEKK3  could  be  a  bona  fide  regulator  of  p62  phosphoryla¬ 
tion  and  mTORCI  activity.  Next,  we  determined  whether 
MEKK3  is  required  for  mTORCI  activation  by  using  the  clustered 
regularly  interspaced  short  palindromic  repeats  (CRISPR/Cas9) 
system  to  generate  MEKK3-deficient  PIEK293T  cells.  Notably, 
the  loss  of  MEKK3  severely  reduced  p62  phosphorylation  and 
mTORCI  activation  in  response  to  amino  acids,  which  were 
both  rescued  by  the  ectopic  expression  of  MEKK3  (Figure  2G). 
Similar  results  were  obtained  with  two  independent  sgMEKK3 
clones,  as  well  as  by  knocking  down  MEKK3  with  a  shRNA  lenti- 
viral  vector  in  FIEK293T,  A549,  and  PC3  cells  (Figures  S2A-S2D). 
Of  note,  the  effects  of  MEKK3  deficiency  in  mTORCI  activation 
were  rescued  by  expression  of  active  RagB  (Figure  2H).  The 
loss  of  MEKK3  did  not  affect  insulin-activated  mTORCI ,  consis¬ 
tent  with  the  specificity  of  p62  in  the  amino  acid  pathway  (Fig¬ 
ure  21).  In  keeping  with  the  importance  of  MEKK3  in  this  process, 
we  found  that,  upon  cell  stimulation  by  amino  acids,  endogenous 
MEKK3  was  recruited  to  an  endogenous  complex  containing  p62 
and  mTOR  (Figure  2J).  In  addition,  Figure  2K  demonstrates  that 
the  kinase  activity  of  MEKK3  was  stimulated  in  amino-acid- 
treated  cells.  Collectively,  these  results  demonstrate  that  p62  is 
phosphorylated  in  response  to  amino  acids  through  a  MEKK3- 
dependent  mechanism  that  is  critical  for  mTORCI  activation 
and  is  mediated  by  the  interaction  of  p62  and  MEKK3  through 
their  respective  PB1  domains. 

MEK3/6  and  p38§  Channel  MEKK3-lnduced 
Phosphorylation  of  p62  by  Amino  Acids 

Based  on  these  results,  it  is  possible  that  p62  could  be  targeted 
directly  by  MEKK3.  Plowever,  when  bacterially  expressed 


(C)  Mutation  of  p62-D69/73  sites  to  alanine  (p62DS9/73AA)  abolished  p62  phosphorylation.  HEK293T  cells  transfected  with  the  indicated  plasmids  were  starved  of 
amino  acids  for  50  min  and  restimulated  with  amino  acids  for  the  indicated  durations.  Myc-tagged  immunoprecipitates  were  analyzed  by  western  blot. 

(D)  MEKK3  promoted  p62  phosphorylation  at  T269/S272.  HEK293T  cells  were  transfected  with  the  indicated  plasmids,  and  cell  lysates  were  analyzed  by  western 
blot. 

(E)  MEKK3-induced  p62  phosphorylation  required  the  PB1  domain  of  p62.  HEK293T  cells  were  transfected  with  the  indicated  plasmids,  and  cell  lysates  were 
immunoblotted  to  detect  the  specified  proteins. 

(F)  Overexpression  of  MEKK3,  but  not  that  of  MEKK3  kinase-dead  mutant,  induced  p62  phosphorylation  and  mTORCI  activation  by  amino  acids.  HEK293T  cells 
transfected  with  the  indicated  plasmids  were  deprived  of  amino  acids  for  50  min  and  stimulated  with  amino  acids  for  1 5  min.  Cells  were  analyzed  by  western  blot. 

(G)  MEKK3  expression  rescued  p62  phosphorylation  and  mTOR  activation  in  MEKK3-deficient  cells.  MEKK3-deficient  HEK293T  cells  generated  with  the 
CRISPR/CAS9  system  were  reconstituted  with  MEKK3.  Cells  were  deprived  of  amino  acids  for  50  min  and  then  stimulated  with  amino  acids  for  the  indicated 
durations.  Cell  lysates  were  immunoblotted  for  the  specified  proteins. 

(H)  RagBGTP  overexpression  rescued  mTOR  activation  by  amino  acids  in  MEKK3-deficient  cells.  Control  and  MEKK3-deficient  HEK293T  cells  expressing  FLAG- 
RagBGTP  were  treated  as  in  (G)  and  immunoblotted  to  detect  the  specified  proteins. 

(I)  MEKK3  was  not  required  for  mTOR  activation  by  insulin.  Control  and  MEKK3-deficient  HEK293T  cells  were  deprived  of  serum  for  24  hr  and  stimulated  with 
insulin  for  the  indicated  durations.  Cell  lysates  were  analyzed  by  western  blot. 

(J)  MEKK3  is  a  component  of  the  mTORCI  complex.  mTOR  immunoprecipitates  and  cell  lysates  from  HEK293T  cells,  treated  as  in  (F),  were  immunoblotted  for  the 
indicated  proteins. 

(K)  MEKK3  kinase  activity  was  activated  upon  amino  acid  stimulation.  HEK293T  cells  transfected  with  the  indicated  plasmids  were  treated  as  in  (F).  HA-tagged 
immunoprecipitates  were  used  in  an  in  vitro  phosphorylation  with  ATPyS,  with  myelin  basic  protein  (MyBP)  as  the  substrate,  followed  by  PNBM  alkylation  and 
immunoblotting  to  detect  the  indicated  proteins. 

Results  are  representative  of  three  experiments.  See  also  Figure  S2. 
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Figure  3.  MEKK3/MEK3/6-p385  Induced  p62  Phosphorylation  in  Response  to  Amino  Acids 

(A)  p385  was  required  for  mTORCI  activation  in  response  to  amino  acids.  Results  of  siRNA  screening  of  MAPKs  in  mTORCI  activation. 

(B)  p385  was  required  for  p62  phosphorylation  at  T269/S272  in  response  to  amino  acids.  p385-deficient  HEK293T  cells  generated  with  the  CRISPR/CAS9  system. 
Cells  were  deprived  of  amino  acids  for  50  min  and  then  stimulated  with  amino  acids  for  15  min.  Cell  lysates  were  immunoblotted  for  the  indicated  proteins. 

(C)  RagBGTP  overexpression  rescued  amino-acid-induced  mTOR  activation  in  p388-deficient  cells.  Control  and  p388-deficient  HEK293T  cells,  expressing  FLAG- 
RagBGTP,  were  treated  as  in  (B).  Cell  lysates  were  immunoblotted  for  the  indicated  proteins. 

(D)  p385  was  not  required  for  insulin-induced  mTORCI  activation.  Control  and  p385-deficient  HEK293T  cells  were  deprived  of  serum  for  24  hr  and  then  stimulated 
with  insulin  for  the  indicated  durations.  Cell  lysates  were  immunoblotted  to  detect  the  indicated  proteins. 

(E)  p385  overexpression  promotes  p62  phosphorylation  at  T269/S272.  HEK293T  cells  were  transfected  with  the  indicated  plasmids  and  immunoblotted  for  the 
specified  proteins. 

(F)  p388  kinase  activity  was  required  for  p62  phosphorylation.  HEK293T  cells  were  transfected  with  the  indicated  plasmids  and  immunoblotted  for  the  specified 
proteins. 

(G)  p385  directly  phosphorylated  p62  at  T269/S272  in  vitro.  An  in  vitro  phosphorylation  assay  using  recombinant  p62  and  recombinant  p385  is  shown. 

(H)  T269/S272  sites  accounted  for  p62  phosphorylation  by  p385.  FLAG-tagged  immunoprecipitates  from  HEK293T  cells  were  phosphorylated  in  vitro  by  re¬ 
combinant  p385  with  ATPyS,  followed  by  PNBM  alkylation  and  immunoblotting  for  the  indicated  proteins. 

(I)  p385  kinase  activity  was  activated  by  amino  acids.  HEK293T  cells  transfected  with  the  indicated  plasmids  were  treated  as  in  (B).  In  vitro  phosphorylation  was 
carried  out  with  the  FLAG-tagged  immunoprecipitates  and  MBP-p62  recombinant  protein  as  a  substrate. 

(J)  MEKK3  was  required  for  p385-induced  p62  phosphorylation  by  amino  acids.  shNT  or  shMEKK3  HEK293T  cells  transfected  with  the  indicated  plasmids  were 
treated  as  in  (B).  In  vitro  phosphorylation  was  carried  out  with  the  FLAG-tagged  immunoprecipitates,  and  MBP-p62  recombinant  protein  was  used  as  the 
substrate. 

(K)  MEK3/6  was  required  for  p62  phosphorylation  and  mTORCI  activation  in  response  to  amino  acids.  HEK293T  cells  transfected  with  scramble  siRNA  or  MEK3 
and  MEK6  siRNAs  and  FLAG-RagBGTP  were  treated  as  in  (B).  Cell  lysates  were  immunoblotted  for  the  indicated  proteins. 

(legend  continued  on  next  page) 
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recombinant  p62  was  incubated  with  active  recombinant  MEKK3 
in  an  in  vitro  kinase  assay,  we  found  that  MEKK3  was  not  able  to 
directly  phosphorylate  p62  (Figure  S3A).  These  results  strongly 
suggest  the  existence  of  other  kinase  that  acts  downstream  of 
MEKK3  to  phosphorylate  p62  in  response  to  amino  acids.  Our 
previously  published  data  showed  that  CDK1  was  able  to  phos¬ 
phorylate  p62  at  residues  T269/S272  during  mitosis  (Linares 
et  al.,  2011).  However,  a  selective  CDK1  inhibitor  did  not  affect 
p62  phosphorylation  in  response  to  amino  acids  (Figure  S3B). 
To  identify  that  kinase,  because  MEKK3  is  a  MAP3K,  we 
reasoned  that  a  MAP2K/MAPK  cascade  could  act  downstream 
of  MEKK3  to  phosphorylate  p62.  To  address  this  possibility,  we 
individually  knocked  down  all  the  members  of  the  five  distinct 
groups  of  MAPKs  characterized  in  mammals  (Figure  3A).  Cells 
were  stimulated  with  amino  acids,  as  above,  and  the  activation 
of  mTORCI  was  determined.  Notably,  only  depletion  of  p385 
(MAPK13)  severely  impaired  amino-acid-induced  activation  of 
mTORCI  (Figures  3A  and  S3C).  Importantly,  knockout  of  p38S 
by  CRISPR/Cas9  severely  abolished  p62  phosphorylation  and 
mTORCI  activation  in  cells  stimulated  with  amino  acids,  which 
was  rescued  by  the  expression  of  active  RagB  (Figures  3B  and 
3C).  Of  note,  p385-deficient  cells  displayed  normal  insulin- 
induced  mTORCI  activation  (Figure  3D).  Similar  results  were  ob¬ 
tained  with  two  other  independent  CRISPR/Cas9-generated 
p385  KO  clones  (Figure  S3D).  Furthermore,  the  pharmacological 
inhibition  of  p385  severely  abrogated  mTORCI  activation  and 
p62  phosphorylation  by  amino  acids  (Figure  S3E).  Interestingly, 
we  also  found  that  the  overexpression  of  WT,  but  not  of  a  ki¬ 
nase-inactive  p385  (T180A/Y182F)  mutant,  was  able  to  induce 
the  phosphorylation  of  p62WT,  but  not  of  p62T269/S272AA  (Figures 
3E  and  3F).  Taken  together,  these  results  demonstrate  that 
p385  is  responsible  for  p62  phosphorylation  and  mTORCI  acti¬ 
vation  by  amino  acids.  To  determine  whether  p62  is  actually  a 
direct  substrate  of  p385,  we  incubated  bacterially  expressed  re¬ 
combinant  p62  with  active  p385  in  an  in  vitro  kinase  assay  and 
found  that  p385  directly  phosphorylated  p62  at  T269/S272  (Fig¬ 
ure  3G).  To  confirm  that  these  residues  account  for  p62  phos¬ 
phorylation  by  p385,  purified  p62WT  and  p62T269/S272AA  were 
phosphorylated  in  vitro  with  ATP-y-S  and  recombinant  active 
p385.  Figure  3H  demonstrates  that  p62  phosphorylation  by 
p385  was  completely  abolished  in  the  p62T269/S272AA  mutant,  as 
compared  to  p62WT,  indicating  that  p385  is  a  bona  fide  direct 
p62  T269/S272  kinase  that  channels  MEKK3  signals  in  amino- 
acid-activated  cells. 

If  this  model  is  correct,  then  p385  should  be  activated  by 
amino  acids  in  a  MEKK3-dependent  manner.  To  determine 
whether  this  was  the  case,  HEK293T  cells  were  transfected 
with  FLAG-tagged  p385,  after  which  cells  were  treated  with 
amino  acids  at  different  times  as  described  above.  Transfected 
p385  was  immunoprecipitated  with  an  anti-FLAG  antibody, 
and  its  ability  to  phosphorylate  recombinant  p62  was  deter¬ 
mined  in  an  in  vitro  kinase  assay.  Interestingly,  p385  from  shNT 


cells  that  were  stimulated  with  amino  acids  displayed  higher 
enzymatic  activity  toward  recombinant  p62  than  p385  from  un¬ 
stimulated  shNT  cells  (Figure  31).  The  finding  that  amino  acid 
stimulation  did  not  increase  the  activity  of  p385  in  shMEKK3  cells 
(Figure  3J)  clearly  established  that  p385  is  a  critical  downstream 
target  of  MEKK3  in  the  nutrient-sensing  cascade  that  activates 
mTORCI  through  p62  phosphorylation.  To  identify  the  kinase 
that  links  MEKK3  to  p385,  we  tested  whether  MEK3  and  MEK6 
might  be  the  MAP2Ks  upstream  of  p385.  Notably,  the  simulta¬ 
neous  depletion  of  MEK3  and  MEK6  severely  impaired  amino- 
acid-induced  mTORCI  activation  and  p62  phosphorylation, 
which  was  rescued  by  the  expression  of  active  RagB  (Figure  3K). 
Furthermore,  the  kinase  activity  of  MEK3  was  stimulated  in 
amino-acid-treated  cells  (Figure  3L).  Collectively,  these  results 
demonstrate  that  MEKK3  is  the  apical  kinase  in  an  amino-acid- 
sensing  cascade  that  includes  MEK3/MEK6  and  p385  and  that 
leads  to  p62  phosphorylation,  which  is  a  critical  step  for 
mTORCI  activation  in  response  to  amino  acids  (Figure  3M). 

MEKK3  and  p385  Control  Lysosomal  Translocation 
of  mTOR 

To  be  activated  by  amino  acid  stimulation,  mTORCI  must  un¬ 
dergo  translocation  from  the  cytoplasm  to  the  lysosome  (Sancak 
et  al.,  2008).  Given  that  MEKK3  and  p385  are  necessary  for 
amino-acid-induced  mTORCI  activity,  we  next  investigated 
the  subcellular  localization  of  MEKK3  and  p385  by  confocal 
immunofluorescence  microscopy  in  both  starved  and  amino- 
acid-stimulated  cells.  Double  staining  of  endogenous  MEKK3 
or  p385  and  lysosomal-associated  membrane  protein  2 
(LAMP2)  revealed  the  localization  of  both  kinases  at  the  lyso¬ 
some,  which  was  independent  of  nutrient  availability  (Figures 
4A  and  4B).  The  antibodies  used  in  this  experiment  were  vali¬ 
dated  for  immunofluorescence  in  MEKK3  or  p385  knocked 
down  cells  (Figure  S4).  Cell  fractionation  confirmed  the  constitu¬ 
tive  localization  of  MEKK3,  p385,  and  p62,  along  with  Lamp2,  in 
the  heavy  membrane  lysosomal  fraction  (Figure  4C).  Of  great 
functional  relevance,  the  knockdown  of  either  MEKK3  or  p385 
impaired  the  colocalization  of  mTORCI  with  LAMP2  in  response 
to  amino  acids  (Figure  4D),  demonstrating  that  p385  and  MEKK3, 
like  p62,  are  required  for  mTORCI  translocation  to  the  lysosome. 

Role  of  the  MEKK3/p38§  Cascade  in  the 
Polyubiquitination  of  mTOR 

TRAF6  is  recruited  to  the  p62-mTORC1  complex  upon  amino 
acid  stimulation,  and  this  promoted  the  K63  polyubiquitination 
of  mTOR,  a  key  event  in  amino-acid-dependent  activation  of 
mTORCI  (Linares  et  al.,  2013).  Our  current  results  link  this  pro¬ 
cess  to  the  MEKK3/p385  cascade,  because  depletion  of  either 
kinase  severely  impaired  the  interaction  of  TRAF6  with  p62  (Fig¬ 
ures  5A  and  5B).  This  suggests  a  critical  role  for  the  phosphory¬ 
lation  of  p62  by  the  MEKK3/p388  cascade  in  the  binding  of 
TRAF6  to  p62,  consistent  with  the  fact  that  p62T269/S272AA  did 


(L)  MEK3  is  activated  in  response  to  amino  acids.  HEK293T  cells  transfected  with  the  indicated  plasmids  were  treated  as  in  (B).  FLAG-tagged  MEK3  immu- 
noprecipitates  were  used  in  an  in  vitro  phosphorylation,  using  MyBP  as  substrate,  with  ATPyS  followed  by  PNBM  alkylation  and  immunoblotting  for  the  indicated 
proteins. 

(M)  Schematic  showing  that  MEK3/6-p385  channels  MEKK3-induced  phosphorylation  of  p62  and  mTORCI  activation  by  amino  acids. 

Results  are  representative  of  three  experiments.  See  also  Figure  S3. 
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Figure  4.  MEKK3/p388  Cascade  Is  Required 
for  the  Lysosomal  Translocation  of  mTOR 

(A  and  B)  MEKK3  and  p385  localize  at  the  lysosome 
in  an  amino-acid-independent  manner.  Images  of 
HeLA  cells  co-immunostained  for  MEKK3  and 
LAMP2  (A)  or  p385  and  LAMP2  (B)  are  shown.  Cells 
were  starved  for  50  min  and  then  stimulated  with 
amino  acids  for  10  min  before  processing.  In 
all  images,  graphs  show  the  areas  of  staining 
overlap  (merge).  The  scale  bars  represent  10  pm. 
The  quantification  of  colocalization  was  carried 
out  on  at  least  15  cells  per  condition  from  two  in¬ 
dependent  experiments.  Results  are  shown  as 
means  ±  SEM. 

(C)  MEKK3,  p385,  and  p62  were  present  in  the 
lysosomal  fraction.  HEK293T  cells  were  treated  as 
in  (A),  and  lysates  were  separated  into  heavy 
membrane  and  light/cytosolic  fractions. 

(D)  MEKK3  and  p385  deficiency  prevented  amino- 
acid-induced  translocation  of  mTOR  to  lysosomes. 
Images  of  control,  MEKK3-deficient,  or  p388-defi- 
cient  HEK293T  cells  treated  and  analyzed  as  in  (A) 
that  were  co-immunostained  to  detect  mTOR  and 
LAMP2  are  shown.  The  scale  bars  represent  1 0  pm. 
Results  are  shown  as  means  ±  SEM.  ***p  <  0.001 . 
Images  are  representative  of  two  independent 
experiments.  See  also  Figure  S4. 
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Figure  5.  The  MEKK3/p385  Cascade  Was 
Required  for  TRAF6-Catalyzed  K63  Poly- 
ubiquitination  of  mTOR  in  Response  to 
Amino  Acids 

(A  and  B)  Knockdown  of  MEKK3  or  p385  impaired 
the  interaction  of  TRAF6  with  p62  in  response 
to  amino  acids.  shNT,  shMEKK3,  or  shp385 
HEK293T  cells  were  deprived  of  amino  acids  for 
50  min  and  then  restimulated  with  amino  acids  for 
30  min.  Cell  lysates  and  p62  immunoprecipitates 
were  analyzed  by  western  blot  for  the  indicated 
proteins. 

(C-E)  MEKK3,  p385,  and  p62  phosphorylation 
were  required  for  polyubiquitination  of  mTOR 
in  response  to  amino  acids.  shNT,  shMEKK3, 
and  shp385  HEK293T  cells  or  cells  stably  ex- 
pressing  FLAG-p62WT  or  FL4G-p62T269/s272AA 
were  treated  as  in  (A).  Cell  lysates  and  mTOR  im¬ 
munoprecipitates  were  immunoblotted  for  the 
indicated  proteins. 

Results  are  representative  of  three  experiments. 


not  interact  with  TRAF6  in  amino-acid-stimulated  cells  (Figure  1 1). 
As  predicted  by  this  model,  endogenous  polyubiquitination  of 
mTOR  in  response  to  amino  acids  was  severely  inhibited  by 
the  deficiency  of  either  MEKK3  or  p385  (Figures  5C  and  5D). 
Furthermore,  the  endogenous  polyubiquitination  of  mTOR  in 
response  to  amino  acids  was  inhibited  in  cells  expressing  the 
p62T269/S272AA  mutant  compared  with  those  expressing  p62WT 
(Figure  5E).  Collectively,  these  data  demonstrate  that  p62  phos¬ 
phorylation  by  p385  is  a  key  event  in  the  recruitment  of  mTORCI 
to  the  lysosome  and  in  its  subsequent  activation  by  TRAF6- 
mediated  polyubiquitination. 

The  MEKK3/p385  Cascade  Contributes  to  Cell 
Proliferation  and  Autophagy 

A  well-established  function  of  mTORCI  is  to  control  cell  size 
(Fingar  et  al.,  2002).  In  keeping  with  a  critical  role  for  MEKK3 
and  p385  in  the  activation  of  mTORCI,  cells  deficient  in 
MEKK3,  p385,or  p62  were  significantly  smaller  than  WT  controls 
(Figure  6A).  On  the  other  hand,  it  is  known  that  mTORCI  activa¬ 
tion  promotes  cell  proliferation  and  transformation  while  inhibit¬ 
ing  autophagy  (Kim  et  al.,  201 1 ;  Yu  et  al.,  201 0).  Consistent  with 
this,  the  knockdown  of  MEKK3  or  p386  in  PC3  prostate  cancer 
(PCa)  cells  significantly  reduced  cell  proliferation  under  normal 
growing  conditions  (Figures  6B  and  6C),  and  this  effect  was 
rescued  by  the  expression  of  a  constitutively  active  mutant  of 
RagES  (Figures  6D  and  6E).  Given  that  nutrient  starvation  induces 
autophagy  through  inhibition  of  mTORCI  (Kim  et  al.,  2011;  Yu 
et  al.,  2010),  we  knocked  down  MEKK3  or  p385  and  determined 
the  effect  on  autophagy.  Interestingly,  reduction  in  the  levels  of 
either  of  these  kinases  resulted  in  enhanced  LC3  processing, 
which  was  even  more  apparent  when  cells  were  incubated 
with  bafilomycin  Al,  an  inhibitor  of  autophagosomal  and  lyso¬ 
somal  fusion  (Figures  6F-6I).  We  also  analyzed  autophagic  flux 
using  the  reporter  GFP-mCherry-LC3  (Kimura  et  al. ,  2007),  which 
allows  the  identification  of  autolysosomes  (mCherry-positive/ 
GFP-negative;  red  dots)  and  autophagosomes  (mCherry-posi- 
tive/GFP-positive;  yellow  dots).  Our  data  showed  that  the  total 


numbers  of  autophagosomes  and  autolysosomes  under  basal 
and  amino  acid  starvation  conditions  were  higher  in  the 
MEKK3-  and  p385-deficient  cells  (Figures  6J  and  6K).  Taken 
together,  these  results  demonstrate  that  the  MEKK3/p38S 
cascade  modulates  autophagy  in  response  to  nutrient  starva¬ 
tion,  consistent  with  its  role  in  the  regulation  of  mTORCI 
activation. 

Relevance  of  the  MEKK3/p385/p62/mTOR  Axis  in 
Prostate  Cancer 

To  investigate  the  relevance  of  the  p62/MEKK3/p385  cascade  in 
the  activation  of  mTOR  in  PCa,  we  profited  from  a  recently  devel¬ 
oped  technology  for  creating  3D  prostate  organoid  cultures  (Gao 
et  al.,  2014;  Karthaus  et  al.,  2014).  Murine  prostate  organoids 
faithfully  recapitulate  the  in  vivo  phenotypes  of  genetic  PCa 
mouse  models  and  can  be  easily  manipulated  (Gao  et  al., 
2014;  Karthaus  et  al.,  2014).  Thus,  we  isolated  prostate  epithelial 
cells  from  PTEN-deficient  mice  and  subjected  them  to  lentiviral 
infection  to  selectively  knock  down  MEKK3,  p385,  or  p62  and 
then  cultured  them  in  3D  organoid  conditions.  Interestingly,  we 
found  that  the  inactivation  of  MEKK3,  p385,  or  p62  decreased 
the  efficiency  of  organoid  formation  and  size  of  organoids  and  re¬ 
verted  the  hyperplastic  phenotype  of  the  PTEI\T/_  organoids 
(Figures  7A  and  7B).  This  strongly  suggests  an  important  role 
for  the  MEKK3/p385  cascade  in  PCa.  Notably,  the  deficiency 
in  p62,  MEKK3,  or  p385  in  these  organoids  resulted  in  severe 
impairment  of  S6K  and  4EBP1  phosphorylation  in  this  model 
(Figure  7C).  Consistent  with  these  observations,  immunohisto- 
chemical  analysis  of  prostates  from  PTEN+/_  mice  showed 
increased  expression  of  MEKK3,  p385,  and  p62,  as  well  as  the 
activation  of  S6  phosphorylation,  which  was  used  as  a  surrogate 
marker  of  mTORCI  activity,  in  PIN  areas  of  the  prostate,  as 
compared  to  normal  glands  (Figure  7D).  Furthermore,  we  used 
double  immunofluorescence  to  analyze  the  colocalization  of 
p385  either  with  p62  or  with  pS6  in  sections  of  human  PCa  and 
normal  prostate  tissue.  Of  great  interest,  we  found  that  p62 
and  p385  levels  were  increased  and  colocalized  with  enhanced 
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Figure  6.  The  MEKK3/p38S  Cascade  Controlled  Cell  Proliferation  and  Autophagy  through  mTORCI  Activation 

(A)  MEKK3,  p62,  or  p385  deficiencies  reduced  cell  size.  Results  are  shown  as  means  ±  SEM  (n  =  3).  *p  <  0.05;  **p  <  0.01. 

(B  and  C)  Knockdown  of  MEKK3  or  p385  reduced  cell  proliferation  under  normal  growing  conditions.  shNT,  shMEKK3,  or  shp385  PC3  cells  were  cultured  under 
normal  growing  conditions,  and  cell  viability  was  determined  by  trypan  blue  exclusion  assay.  Results  are  shown  as  means  ±  SEM  (n  =  3).  *p  <  0.05;  **p  <  0.01 . 
(D  and  E)  RagBGTP  overexpression  rescued  the  defects  in  cell  proliferation  in  MEKK3-  or  p388-knockdown  cells.  PC3  cells  stably  expressing  FLAG-RagBGTP  were 
infected  with  shNT,  shMEKK3,  or  shp388  lentiviral  vectors.  Cell  lysates  were  analyzed  by  western  blot,  and  cell  viability  was  determined  as  in  (C).  Results  are 
shown  as  means  ±  SEM  (n  =  3).  *p  <  0.05;  **p  <  0.01 . 


(legend  continued  on  next  page) 
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pS6  staining,  in  tumor  tissues  as  compared  to  normal  controls 
(Figure  7E).  We  next  analyzed  the  expression  of  MEKK3,  p385, 
p62,  and  phospho-S6  in  PCa  tissue  microarrays  by  immunohis- 
tochemistry.  Interestingly,  our  data  showed  much  stronger 
expression  of  all  these  proteins  in  aggressive  tumors  with  high 
Gleason  score  (GS  7-10)  than  in  those  with  low  Gleason  score 
(GS  2-6;  Figure  7F).  Importantly,  MEKK3  and  p385  expression 
significantly  correlated  with  p62  and  phospho-S6  in  these  hu¬ 
man  PCa  samples  (Figure  7G).  Taken  together,  these  results  es¬ 
tablished  that  the  PB1 -driven  MEKK3/p385/p62/mTOR  pathway 
is  relevant  to  PCa. 

DISCUSSION 

The  mechanisms  whereby  cells  couple  nutrient  availability  to 
anabolism  and  cell  growth  are  being  progressively  unveiled, 
and  the  role  of  mTORCI  in  these  processes  is  well  established 
(Jewell  and  Guan,  2013;  Laplante  and  Sabatini,  2012;  Shimo- 
bayashi  and  Fiaii,  2014).  A  major  breakthrough  in  the  field  was 
the  identification  of  the  lysosome  as  a  critical  organelle  where 
mTORCI  is  recruited  via  the  Rag  proteins  and  then  activated 
by  as-yet-undefined  mechanisms.  In  addition,  how  mTORCI 
senses  the  availability  of  nutrients,  and  specifically  of  amino 
acids,  is  a  fundamental  problem  in  the  field  that  needs  to  be 
resolved.  Flere,  we  show  that  the  signaling  adaptor  p62,  which 
we  previously  demonstrated  to  contribute  to  mTORCI  activation 
by  amino  acids  (Duran  et  al.,  2011),  is  phosphorylated  at  two 
specific  residues  by  p385  through  a  MEKK3/MEK3/6-driven 
cascade  that  enables  the  recruitment  of  TRAF6  to  the  lysosome. 
This  creates  a  signaling  scaffold  with  the  core  mTORCI  complex 
that  results  in  the  K63  polyubiquitination  of  mTOR  and  its  activa¬ 
tion  in  response  to  amino  acids  but  independent  of  insulin. 
Therefore,  p62  emerges  as  a  platform  that  facilitates  the  recruit¬ 
ment  and  efficient  activation  of  mTORCI .  Interestingly,  the  spec¬ 
ificity  of  this  process  is  provided  by  the  selective  interaction  of 
MEKK3  with  p62  through  their  respective  PB1  domains.  In  this 
regard,  although  different  MAPKs  have  previously  been  impli¬ 
cated  in  the  negative  or  positive  control  of  mTORCI ,  primarily 
in  response  to  stress  stimuli  (Cully  et  al.,  2010;  Li  et  al.,  2003; 
Wu  et  al.,  2011;  Zheng  et  al.,  2011),  our  data  reveal  a  specific 
role  for  p385  in  mTOR  activation  in  the  nutrient  cascade  as 
part  of  a  PB1  -directed  complex.  Our  studies  contribute  to  a  bet¬ 
ter  understanding  of  the  activation  of  mTORCI  by  amino  acids, 
but  also  they  provide  context  for  previously  reported  p62  phos¬ 
phorylation  events.  That  is,  recent  data  demonstrate  that  p62  is 
phosphorylated  at  S351 ,  which  serves  to  increase  its  binding  af¬ 
finity  for  Keapl  and  competitively  inhibits  the  Keap1-Nrf2  inter¬ 
action  (Ichimura  et  al.,  2013).  This  results  in  the  stabilization  of 
Nrf2  and  the  subsequent  expression  of  genes  encoding  antioxi¬ 
dant  proteins  and  anti-inflammatory  enzymes  (ichimura  et  al., 


2013).  Interestingly,  at  least  one  of  the  kinases  that  can  target 
p62’s  S351  is  mTOR  itself.  Therefore,  it  is  tempting  to  speculate 
that  the  MEKK3-directed  phosphorylation  of  p62  at  T269/S272 
serves  to  activate  mTORCI ,  which  then  phosphorylates  p62’s 
S351  to  activate  Nrf2  to  protect  cells  from  oxidative  stress.  In 
cancer,  this  could  be  highly  relevant  because  tumor  cells  need 
to  remove  excess  ROS  while  maintaining  high  levels  of  prolifer¬ 
ation.  Therefore,  our  model  predicts  that  p62  is  a  crucial  regu¬ 
lator  of  cancer  cell  proliferation  by  influencing  cell  growth 
through  mTORCI  and  cell  survival  through  an  mTORCI -p62- 
driven  anti-oxidative  mechanism. 

Interestingly,  we  have  recently  reported  that  MEKK3  is  part  of 
another  PB1  complex  that  activates  a  canonical  MEK4/JNK 
cascade  to  regulate  inflammation  in  macrophages  in  response 
to  lipids,  another  type  of  nutrients  that  can  trigger  an  inflamma¬ 
tory  response  when  present  in  excess  (Flernandez  et  al.,  2014). 
This  distinct  MEKK3  pathway  is  orchestrated  by  the  interaction 
of  MEKK3  with  NBR1  through  their  respective  PB1  domains 
(Flernandez  et  al.,  2014).  Therefore,  two  PB1  scaffolds,  p62  in 
mTORCI  and  NBR1  in  inflammation,  use  MEKK3  to  deliver 
their  respective  signals  in  response  to  different  nutrients.  Flow 
the  interaction  of  MEKK3  with  either  p62  or  NBR1  orchestrates 
the  p385  or  the  JNK  pathways,  respectively,  is  not  clear  and 
will  likely  need  more-detailed  structural  studies  to  be  fully 
understood. 

In  summary,  the  work  presented  here  describes  a  nutrient¬ 
sensing  pathway  that  is  selectively  activated  in  response  to 
amino  acids  and  is  also  operative  in  cancer  cells.  This  kinase 
cascade  is  organized  by  a  platform  that  depends  on  p62  PB1- 
domain  interactions  and  is  highly  upregulated  during  cancer  pro¬ 
gression.  Different  components  of  the  cascade  are  overex¬ 
pressed  in  PCa  in  a  manner  that  is  correlated  with  tumor  stage, 
which  suggests  that  the  cascade  is  essential  for  tumor  develop¬ 
ment.  Because  kinases  are  eminently  druggable  targets,  our 
findings  have  the  potential  to  open  new  avenues  for  designing 
novel  treatments  for  cancer. 

EXPERIMENTAL  PROCEDURES 

Mice 

PTEN+/  and  PTEN,l/fl-PBcre  mice  were  described  previously  (Fernandez- 
Marcos  et  al.,  2009).  Both  mouse  strains  were  generated  in  a  C57BL/6  back¬ 
ground.  All  mice  were  born  and  maintained  under  pathogen-free  conditions. 
Animal  handling  and  experimental  procedures  conformed  to  institutional 
guidelines  (Sanford-Burnham  Medical  Research  Institute  Institutional  Animal 
Care  and  Use  Committee). 

Generation  of  Knockout  Cell  Lines 

To  knock  out  genes  in  cell  lines,  guide  RNAs  targeting  MEKK3,  p385,  and  p62 
were  designed  using  the  CRISPR  design  tool  at  http://crispr.mit.edu/  and 
cloned  into  a  bicistronic  expression  vector  (PX458)  containing  human- 
codon-optimized  Cas9  fused  to  EGFP  through  T2A  sequence  and  the  RNA 


(F-l)  Knockdown  of  MEKK3  or  p385  promoted  autophagy  in  response  to  nutrient  deprivation.  shNT,  shMEKK3,  or  shp388  PC3  cells  were  deprived  of  amino  acids 
and  serum  for  4  hr  in  the  absence  or  presence  of  bafilomycin  Al .  Cell  lysates  were  immunoblotted  for  the  indicated  proteins.  Graphs  represent  LC3-ll/actin  ratio 
as  measured  by  densitometry. 

(J  and  K)  Knockdown  of  MEKK3  or  p388  promoted  increased  autophagic  flux.  Images  of  shNT,  shMEKK3,  or  shp388  cells  stably  expressing  GFP-mCherry-LC3 
and  treated  as  in  (G)  are  shown.  The  scale  bars  represent  1 0  nm.  Quantification  of  the  number  of  autophagosomes  and  autolysosomes  per  cell  is  shown.  Results 
are  shown  as  means  ±  SEM  (n  =  20).  *p  <  0.05;  **p  <  0.01 ;  ***p  <  0.001 . 

Results  are  representative  of  three  experiments. 
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Figure  7.  MEKK3/p385/p62/mTOR  Is  Relevant  to  Prostate  Cancer 

(A)  Knockdown  of  MEKK3,  p38S,  or  p62  led  to  a  reduction  in  the  efficiency  of  organoid  formation,  size,  and  hyperplastic  phenotype  of  PTEN-null  prostate  or¬ 
ganoids.  Representative  images  of  organoids  and  H&E  staining  are  shown.  Prostate  organoids  were  prepared  from  PTENfl/,l-PBcre  mice  and  infected  with 
lentiviral  vectors  for  shNT,  shp62,  shMEKK3,  and  shp385.  Organoids  were  analyzed  after  7  days  in  culture.  The  scale  bars  represent  100  pm. 

(legend  continued  on  next  page) 


1 350  Cell  Reports  72,  1 339-1 352,  August  25,  201 5  ©201 5  The  Authors 


OPEN 

ACCESS 

CelPress 


components  (Addgene).  Additional  detailed  procedures  are  described  in  the 

Supplemental  Experimental  Procedures. 

Statistical  Analysis 

All  the  statistical  tests  are  justified  for  every  figure.  Data  are  presented  as  the 
mean  ±  SEM.  Significant  differences  between  groups  were  determined  using  a 
Student’s  t  test  (two-tailed  unpaired)  when  the  data  met  the  normal  distribution 
tested  by  D’Agostino  test.  If  the  data  did  not  meet  this  test,  a  Mann-Whitney 
test  was  used.  The  significance  level  for  statistical  testing  was  set  at  p  < 
0.05.  All  experiments  were  performed  at  least  two  or  three  times. 

SUPPLEMENTAL  INFORMATION 

Supplemental  Information  includes  Supplemental  Experimental  Procedures 
and  four  figures  and  can  be  found  with  this  article  online  at  http://dx.doi.org/ 
10.101 6/j.celrep.201 5.07.045. 
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Figure  SI.  The  Mutation  of  p62  Phosphorylation  Sites  to  Aspartic  Acid 
,p62T269/S272DD,  Does  Not  Mimic  p62  Phosphorylation  for  mTOR  Activation  and 
TRAF6  Recruitment  in  Response  to  Amino  Acids,  Related  to  Figure  1. 

(A)  The  p62T269/S272DD  mutant  was  not  able  to  reconstitute  mTOR  activation  in  p62KO 
MEFs.  WT  and  p62KO  MEFs,  reconstituted  with  p62WT,  p62T269/S272AA,  or  p62T269/S272DD 
were  starved  of  amino  acids  for  50  min  and  restimulated  with  amino  acids  for  20  min. 
Cell  lysates  were  analyzed  by  western  blot. 

(B)  The  p02T269/S272DD  mutant  was  not  able  to  interact  with  TRAF6.  HEK293T  cells, 
transfected  with  the  indicated  plasmid  were  treated  as  in  (A).  Cell  lysates  and  FLAG- 
tagged  immunoprecipitates  were  immunoblotted  to  detect  the  indicated  proteins. 
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Figure  S2.  MEKK3  Is  Required  for  mTORCI  Activation  in  Response  to  Amino 
Acids  .Related  to  Figure  2. 

(A)  MEKK3  is  required  for  mTOR  activation  by  amino  acids.  Control  or  MEKK3-deficient 
HEK293T  cells  were  deprived  of  amino  acids  and  serum  for  50  min  and  then  stimulated 
with  amino  acids  for  15  min.  Cell  lysates  were  immunoblotted  for  the  specified  proteins. 

(B)  MEKK3  is  required  for  mTOR  activation  by  amino  acids.  shNT  or  shMEKK3 
HEK293T  cells  were  treated  as  in  (A)  and  cell  lysates  were  immunoblotted  for  the 
specified  proteins. 

(C-D)  MEKK3  is  required  for  mTOR  activation  by  amino  acids  in  different  cell  lines.  shNT 
or  shMEKK3  A549  cells  and  PC3  cells  were  treated  as  in  (A),  and  immunoblotted  for  the 
specified  proteins. 

Results  are  representative  of  three  experiments. 
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Figure  S3.  p386  Is  Required  for  mTORCI  Activation  and  p62  Phosphorylation  in 
Response  to  Amino  Acids,  Related  to  Figure  3. 

(A)  MEKK3  does  not  phosphorylate  p62  in  an  in  vitro  phosphorylation  assay  with  ATPyS. 

(B)  CDK1  does  not  phosphorylate  p62  in  response  to  amino  acids.  HEK293T  cells,  in  the 
presence  or  absence  of  purvalanol,  were  deprived  of  amino  acids  for  50  min  and  then 
stimulated  with  amino  acids  for  20  min.  Cell  lysates  were  immunoblotted  for  the  specified 
proteins. 

(C)  p386  is  required  for  mTOR  activation  by  amino  acids.  HEK293T  cells  transfected 
with  scramble  siRNA  or  the  different  MAPK  siRNAs  were  treated  as  in  (B)  and  cell 
lysates  were  then  immunoblotted  for  the  specified  proteins. 

(D)  p386  is  required  for  mTOR  activation  by  amino  acids.  Control  or  p385-deficient 
HEK293T  cells  were  treated  as  in  (B)  and  cell  lysates  were  immunoblotted  for  the 
specified  proteins. 

E)  Inhibition  of  p38  enzymatic  activity  blocks  p62  phosphorylation  and  mTOR  activation 
by  amino  acids.  HEK293T  cells,  in  the  presence  or  absence  of  the  p38  inhibitor  BIRB 
796  (10  pM),  were  treated  as  in  (B).  Cell  lysates  were  immunoblotted  for  the  specified 
proteins 

Results  are  representative  of  three  experiments. 


Figure  S4.  Antibodies  Validation  for  Immunofluorescence,  Related  to  Figure  4. 

(A-B)  Images  of  HeLA  cells,  transfected  with  scramble  siRNA  or  MEKK3  or  p386  siRNA, 
coimmunostained  for  MEKK3  or  p386  and  DAPI.  Cells  were  starved  for  50  min  before 
processing.  Scale  bars=  10pm. 

Images  are  representative  of  two  independent  experiments. 


Supplemental  Experimental  Procedures 

Generation  of  Knockout  Cell  Lines 

The  guide  sequences  targeting  Exon  1  of  human  MEKK3,  p385,  and  p62  are  shown 
below. 

MEKK3:  5’-  G AACT CAAT CAT G AACGAT C 

p386:  5’-  G  TACGTGTCCCCGACGCACGT 

p62:  5’-GAAGAT  CGCCTTGGAGT  CCG 

The  single  guide  RNAs  in  the  PX458  vector  (4pg)  were  transfected  into  HEK293T  cells 
using  Lipofectamine  2000  according  to  manufacturer’s  instructions.  24  hours  post 
transfection,  the  cells  were  trypsinized,  washed  with  PBS,  and  re-suspended  in  DMEM 
with  2%  FBS  and  penicillin/streptomycin.  GFP-positive  cells  were  single-sorted  by  FACS 
(Sanford-Burnham  Medical  Research  Institute  FACS  core,  FACS  ARIA)  into  96-well 
plates  in  DMEM  containing  20%  FBS  and  50pg  ml"1  penicillin/streptomycin.  Single 
clones  were  expanded  and  screened  for  MEKK3,  p386,  and  p62  by  protein 
immunoblotting. 

Antibodies  and  Reagents 

Reagents  were  obtained  from  the  following  sources:  primary  antibodies  to  FIA  tag  (sc- 
805),  GST  tag  (sc-138),  and  Myc  tag  (sc-40),  S6K1  (sc-230),  MEKK3  (sc-28769),  p386 
(sc-7585),  ubiquitin  (sc-8017),  TRAF6  (sc-7221),  and  actin  (sc-1616);  FIRP-labeled  anti¬ 
mouse,  anti-mouse  IgGI,  and  anti-goat  secondary  antibodies  were  from  Santa  Cruz 
Biotechnology.  Antibodies  to  raptor  (#2280),  phospho-T389  S6K1  (#9205),  mTOR 
(#2983),  phospho-T37/46  4EBP1  (#2855),  4EBP1  (#9644),  AKT  (#9272),  phospho-S473 
AKT  (#4058),  LC3  (#4108),  phosho-Ser240/244  S6  (#5364),  S6  (#2317),  and  FIRP- 
labeled  anti-rabbit  secondary  antibody  were  from  Cell  Signaling  Technology.  Antibody  to 


phospho-T269/S272  p62  was  from  Phospho  Solutions.  Antibody  to  LAMP2  (ab25631) 
was  from  Abeam,  and  to  human  p62  (#610833)  from  BD  biosciences.  FLAG  antibody 
(F1804),  human  recombinant  insulin,  bafilomycin  A1,  purvalanol,  protein  A-sepharose, 
bovine  insulin,  RPMI  1640  medium,  Y-27632,  leucine,  and  50x  amino  acid  solution  were 
from  Sigma  Aldrich.  BIRB  796  was  from  Millipore.  DMEM  and  fetal  bovine  serum  were 
from  Flyclone;  FuGENE  6  and  Complete  Protease  Cocktail  were  from  Roche.  Alexa  488- 
,  Alexa  555-,  and  Alexa  568-conjugated  secondary  antibodies,  Lipofectamine  2000,  and 
tyramide  signal  amplification  kits,  B27,  and  Glutamax  were  from  Life  Technologies. 
RPMI  1640  medium  modified  to  be  without  amino  acids  was  from  US  Biological;  protein 
G-Sepharose  was  from  Amersham;  collagenase  type  II,  DMEM,  ADMEM/F12  and 
TrypLE  from  GIBCO;  EGF  5,  R-spondinl,  recombinant  Noggin  from  Preprotech;  growth 
factor-reduced  Matrigel  from  Corning;  and  A83-01  from  Tocris. 

Isolation  and  Culture  of  Prostate  Epithelial  Cells 

Prostate  epithelial  cells  were  prepared  as  previously  described  (Karthaus  et  al.,  2014) 
with  a  few  modifications.  Murine  prostates  were  isolated  from  8-week-old  PTENfl/fl-PBcre 
male  mice  and  were  placed  in  5  mg  ml"1  collagenase  type  II  in  ADMEM/F12  and 
digested  for  1  to  2  h  at  37°C.  Glandular  structures  were  washed  with  ADMEM/F12  and 
centrifuged  at  100  G.  Subsequently,  structures  were  digested  in  5  ml  TrypLE  with  the 
addition  of  Y-27632  to  10  pM  for  15  min  at  37°C.  Trypsinized  cells  were  washed  and 
seeded  in  growth  factor-reduced  Matrigel.  Murine  prostate  epithelial  cells  were  cultured 
in  ADMEM/F12  supplemented  with  B27,  10  mM  FIEPES,  Glutamax,  and 

penicillin/streptomycin  and  containing  the  following  growth  factors:  EGF  50  ng/ml,  R- 
spondinl-conditioned  medium  or  500  ng/ml  recombinant  R-spondinl,  100  ng/ml 
recombinant  Noggin,  and  the  TGF-p/Alk  inhibitor  A83-01.  Murine  prostate  organoids 
were  passaged  either  via  trituration  with  a  glass  Pasteur  pipet  or  trypsinization  with 


TrypLE  for  5  min  at  37°C.  Lentiviral  infections  were  performed  as  described  previously 
(Koo  et  al. ,  2012)  using  pLKO.I-puro  targeting  p62,  MEKK3,  p385,  or  control  scramble. 
In  short,  100,000  single  cells  were  infected  with  an  MOI  1*1 03.  Infection  was  done  during 
centrifugation  for  1  h  at  600  G  RT.  Cells  were  subsequently  placed  at  37°C,  5%  C02  for 
3  h  to  recover.  Cells  were  plated  in  Matrigel  and,  24  h  post  seeding,  1  pg/ml  puromycin 
was  applied  for  2  days  to  ensure  only  infected  cells  remained. 

Cell  Culture 

HEK293T,  PC3,  and  A549  cells  were  from  ATCC.  p62  KO  MEFs  were  previously 
described  (Duran  et  al.,  2011).  Cells  were  tested  for  mycoplasma  contamination.  Cells 
were  cultured  in  DMEM  with  10%  FBS.  For  co-transfection  experiments,  0.9  million 
HEK293T  cells  were  plated  in  6  cm  culture  dishes.  24  hours  later,  cells  were  transfected 
with  500  ng  of  the  expression  plasmids.  Empty  vector  was  added  to  transfection  mixes 
to  bring  the  total  DNA  quantity  up  to  2  pg.  For  amino  acid  starvation,  HEK293T  cells  in 
10  cm  culture  dishes  or  on  coated  glass  cover  slips  were  rinsed  with  PBS  and  incubated 
in  serum  and  amino  acid-free  RPMI  for  50  minutes.  MEFs,  PC3,  and  A549  cells  were 
treated  similarly,  but  starved  for  4  hours.  Cells  were  stimulated  with  a  IX  amino  acid 
mixture  for  different  durations,  as  indicated.  After  stimulation,  the  final  concentration  of 
amino  acids  in  the  media  was  the  same  as  in  RPMI.  For  insulin  stimulation,  HEK293T 
cells  were  deprived  of  serum  for  24  h  and  stimulated  with  150  nM  of  insulin.  Cells  were 
processed  for  biochemical  or  immunofluorescence  assays  as  described  below.  Cell 
viability  was  determined  by  Trypan  Blue  exclusion  at  the  indicated  times. 


Plasmids 


pCMV-FLAG-p62,  pWZL-Hygro-p62,  and  pCDNA3-myc-p62  vectors  have  been 
described  previously  (Duran  et  al.,  2011).  pCMV-FLAG-p62  T269A/S272A,  pCMV- 
FLAG-p62  T269D/S272D,  pWZL-Hygro-p62  T269A/S272A,  pCDNA3-myc-p62 
D69A/D73A,  pCDNA3-FLAG-p385  T180A/Y182F  plasmids  were  generated  by  in  vitro 
mutagenesis.  The  following  plasmids  were  from  Addgene:  Addgene  plasmid  19301, 
pRK5-FIA  GST  RagBGTP  (Sancak  et  al.,  2008);  Addgene  plasmid  20785,  pCDNA3 
FLAG-p386  (Enslen  et  al.,  2000),  Addgene  plasmid  12186,  pCMV5  HA-MEKK3  (Blank  et 
al.,  1996);  Addgene  plasmid  14671,  pRc/RSV  FLAG  MKK3  (Derijard  et  al.,  1995),  and 
Addgene  plasmid  22418:  mCherry-EGFP-LC3  (Pankiv  et  al.,  2007). 

Mammalian  Lentiviral  shRNAs,  siRNAs,  and  Retroviral  Transduction 

TRC  lentiviral  shRNAs  targeting  human  MEKK3  (TRCN0000010692, 
TRCN0000002305),  human  p386  (TRCN0000055428),  mouse  MEKK3 

(TRCN0000025250),  mouse  p62  (TRCN0000098616)  and  mouse  p385 

(TRCN0000023092)  were  obtained  from  Sigma.  shRNA-encoding  plasmids  were  co¬ 
transfected  with  psPAX2  (Addgene;  plasmid  12260)  and  pMD2.G  (Addgene;  plasmid 
12259)  packaging  plasmids  into  actively  growing  HEK293T  cells  by  using  FuGENE  6 
transfection  reagent.  Virus-containing  supernatants  were  collected  48  hours  after 
transfection,  filtered  to  eliminate  cells,  and  then  used  to  infect  target  cells  in  the 
presence  of  8  pg/ml  polybrene.  Cells  were  analyzed  on  the  third  day  after  infection.  For 
MAPK  siRNA  screening,  two  pools  of  four  siRNAs  against  each  target  from  two  different 
sources  (Dharmacon  and  Ambion)  were  used.  siRNAs  were  co-transfected  into  actively 
growing  cells  by  using  Lipofectamine  transfection  reagent.  Cells  were  analyzed  on  the 
second  day  after  transfection.  Retroviruses  were  produced  in  Phoenix  cells  by  transient 


transfection  using  Lipofectamine.  Culture  supernatants  were  collected  24,  48,  and  72  h 
post-transfection,  filtered,  and  supplemented  with  8  pg/ml  polybrene.  Cells  were  infected 
with  three  rounds  of  viral  supernatants  and  selected  with  hygromycin  (75  pg/ml). 

Cell  Lysis,  Immunoprecipitation,  Fractionation,  and  Immunoblotting 

Cells  were  rinsed  once  with  ice-cold  PBS  and  lysed  in  ice-cold  lysis  buffer  (40  mM 
HEPES  [pH  7.4],  120  mM  NaCI,  1  mM  EDTA,  10  mM  pyrophosphate,  10  mM 
glycerophosphate,  and  0.3%  CHAPS,  and  one  tablet  of  EDTA-free  protease  inhibitors 
[Roche]  per  25  ml).  The  soluble  fractions  of  cell  lysates  were  isolated  by  centrifugation  at 
13,000  rpm  for  15  minutes.  For  immunoprecipitations,  primary  antibodies  were  added  to 
the  lysates  and  incubated  with  rotation  overnight  at  4°C.  40  pi  of  a  50%  slurry  of  protein 
G-sepharose  or  protein  A-sepharose  was  then  added  and  the  incubation  was  continued 
for  an  additional  1  hour.  Immunoprecipitates  were  washed  three  times  with  lysis  buffer. 
Fractionation  of  lysates  into  heavy  membrane  and  light  membrane/cytosolic  fractions 
was  performed  as  described  (Menon  et  al.,  2014),  In  brief,  HEK293T  cells  from  two 
near-confluent  15-cm  dishes  per  treatment  were  washed  with  cold  PBS,  scraped  into 
cold  PBS,  pelleted  by  centrifugation  at  800  g  for  2  min  at  4°C,  and  re-suspended  in 
300  pi  cold  hypotonic  lysis  buffer  (10  mM  HEPES,  pH  7.2,  10  mM  KCI,  1.5  mM  MgCI2, 
20  mM  NaF,  100  pM  sodium  orthovanadate,  250  mM  sucrose,  with  freshly  added 
protease  inhibitors).  Cells  were  mechanically  lysed  by  drawing  4  times  through  a  23G 
needle  and  then  centrifuged  at  500  g  for  10  min  at  4°C,  yielding  a  post-nuclear 
supernatant  (PNS).  The  PNS  was  centrifuged  at  20,000  g  for  2  hr  to  separate  the 
soluble  supernatant  (light  membrane/cytosolic  fraction)  from  the  insoluble  pellet  (heavy 
membrane  fraction).  The  pellet  was  resuspended  in  RIPA  buffer  (40  mM  HEPES,  pH 
7.4,  120  mM  NaCI,  1  mM  EDTA,  1%  Triton  X-100,  0.1%  SDS,  1%  Na  deoxycholate,  5% 
glycerol,  10  mM  sodium  pyrophosphate,  10  mM  glycerol  2-phosphate,  50  mM  NaF, 


0.5  mM  sodium  orthovanadate,  and  1:100  protease  inhibitors).  Cell  extracts  or 
immunoprecipitated  proteins  were  denatured  by  the  addition  of  20  pi  of  sample  buffer 
and  boiling  for  5  minutes,  resolved  by  8%-14%  SDS-PAGE,  and  then  transferred  to 
nitrocellulose-ECL  membranes  (GE  Healthcare).  The  immune  complex  was  detected  by 
chemiluminescence  (Thermo  Scientific). 

In  Vitro  Kinase-Assay  and  MS/MS  Phosphopeptide  Identification 

For  in  vitro  phosphorylation  assays,  1  pg  of  recombinant  MBP-p62  was  incubated  at  30 
°C  for  60  min  in  kinase  assay  buffer  containing  25  mM  Tris-HCI  (pH  7.5),  5  mM  MgCI2, 
0.5  mM  EGTA,  1  mM  DTT,  and  100  pM  ATP  in  the  presence  of  recombinant  MEKK3  or 
p386.  For  ATP  analog-based  phosphorylation  detection,  the  protocol  described 
previously  (Allen  et  al. ,  2007)  was  followed  with  minor  modifications.  Briefly,  100  pM  of 
ATPyS  (Biolog)  was  added  to  the  reaction,  after  which  PNBM  (Abeam)  and  EDTA  were 
added  to  a  final  concentration  of  2.5  mM  and  20  mM,  respectively,  and  incubated  for  1  h 
at  room  temperature.  Immunoblotting  detection  was  performed  with  anti-thiophosphate 
ester  antibody  from  Cell  Signaling.  Protein  digestion,  Ti02-based  phosphopeptide 
enrichment,  electrospray  ionization-liquid  chromatography  tandem  mass  spectrometry, 
and  MS/MS  analysis  were  performed  as  described  previously  (Ma  et  al.,  2013). 

Ubiquitin  Detection  Assay 

Detection  of  endogenous  in  vivo  mTOR  ubiquitination  was  performed  as  described 
(Xiong  et  al.,  2009).  In  brief,  HEK293T  cells  were  lysed  with  cell  lysis  buffer  (2%  SDS, 
150  mM  NaCI,  10  mM  Tris-HCI,  pH  8.0,  with  2mM  sodium  orthovanadate,  50  mM 
sodium  fluoride,  and  protease  inhibitors).  Cell  lysates  were  boiled  for  10  min  to 
dissociate  protein-protein  interactions.  The  samples  were  diluted  with  dilution  buffer  (10 


mM  Tris-HCI  [pH  8.0],  150  mM  NaCI,  2  mM  EDTA,  1%  Triton).  The  diluted  samples  were 
incubated  at  4°C  for  60  min  with  rotation  and  then  centrifuged  for  30  min.  Cell  lysate  was 
incubated  with  mTOR  antibody  overnight,  after  which  Protein  A  beads  were  added  for  an 
additional  1  h.  Immunoprecipitates  were  washed  with  washing  buffer  (10  mM  Tris-HCI, 
pH  8.0,  1  M  NaCI,  1  mM  EDTA,  1%  NP-40).  Proteins  were  eluted  in  SDS-sample  buffer, 
subjected  to  SDS-PAGE,  transferred  to  nitrocellulose  membrane,  and  immunoblotted 
with  anti-ubiquitin. 

Histological  Analysis 

Prostate  organoids  and  prostates  from  10-month-old  PTEN+/~  male  mice  were  isolated, 
rinsed  in  ice-cold  PBS,  fixed  in  10%  neutral  buffered  formalin  for  24  h,  dehydrated,  and 
embedded  in  paraffin.  Sections  (5  pm)  were  stained  with  hematoxylin  and  eosin  (H&E). 
For  immunohistochemistry,  sections  were  deparaffinized,  rehydrated,  and  then  treated 
for  antigen  retrieval.  After  blocking  in  avidin/biotin  solutions  (Vector  Laboratories), 
tissues  were  incubated  with  primary  antibody  overnight  at  4  °C,  followed  by  incubation 
with  biotinylated  secondary  antibody.  Endogenous  peroxidase  was  quenched  in  3% 
H202  in  water  at  room  temperature.  Antibodies  were  visualized  with  avidin/biotin 
complex  (Vectastain  Elite;  Vector  Laboratories)  using  diaminobenzidine  as  the 
chromagen.  Human  prostate  tissue  microarray  (TMA)  slides  were  obtained  from  US 
Biomax.  Stained  TMA  slides  were  scanned  by  using  the  Scanscope  XT  system  (Aperio) 
and  images  were  captured  using  the  Aperio  ImageScope  software  (vl  1 .1 .2.760).  For  the 
quantitative  analysis,  a  Histo-score  (H  score)  was  calculated  based  on  the  staining 
intensity  and  percentage  of  stained  cells  using  the  Aperio  ScaScope  systems. 


Immunofluorescence  Assays  and  Colocalization  Measurements 

HeLa,  HEK293T,  and  A549  cells  were  plated  on  fibronectin-coated  glass  coverslips  in 
24-well  tissue  culture  plates.  24  hours  later,  cells  were  amino  acid  starved,  and  then 
stimulated  with  amino  acids  as  described  above,  rinsed  with  PBS  once,  fixed  with 
warmed  4%  formaldehyde,  and  permeabilized  with  0.1%  Triton  X-100.  Fixed  cells  on 
cover  slips  or  sections  from  human  prostate  samples,  previously  deparaffinized,  were 
blocked  for  one  hour  in  blocking  buffer  (0.3%  BSA  in  PBS)  and  then  incubated  with 
primary  antibody  in  blocking  buffer  overnight  at  4°C.  Samples  were  then  rinsed  twice 
with  blocking  buffer  and  incubated  with  secondary  antibodies  for  one  hour  at  room 
temperature  in  the  dark,  followed  by  tyramide  signal  amplification.  Slides  were  mounted 
on  Mowiol  and  examined  with  a  FluoView  1000  Olympus  Laser  Point  Scanning  Confocal 
Microscope.  The  colocalization  plugin  in  ImageJ  (NIH)  was  applied  to  measure  co¬ 
localization  between  two  channels  of  confocal  z  stacks  (a  constant  threshold  for  all  the 
images  within  each  experiment  was  applied).  A  maximum-intensity  projection  was 
generated,  and  the  area  of  co-localizing  pixels  was  quantified  using  the  JACoP  plugin  in 
ImageJ,  and  expressed  as  the  total  area  of  colocalization  per  cell.  Quantification  was 
carried  out  on  at  least  15  cells  per  condition  from  two  independent  experiments. 

Cell-Size  Determinations 

For  measurement  of  cell  size,  triplicates  of  each  sample  were  analyzed  using  Countess 
Automated  cell  counter  (Invitrogen). 
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Nutrient  stress  revamps  cancer  cell  metabolism 
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Efforts  to  identify  new  therapeutic 
targets  in  cancer  primarily  focused 
on  oncogenes  and  tumor  suppressor 
genes,  and  their  mechanisms  of  ac¬ 
tion.  However,  there  is  an  emerging 
alternative  strategy  that  involves 
identification  of  target  proteins  that 
are  not  encoded  by  oncogenes,  but 
are,  nonetheless,  required  to  accom¬ 
modate  cancer-specific  stresses. 

One  of  the  most  interesting,  and 
possibly  richest,  sources  for  new  thera¬ 
peutic  targets  is  the  cellular  machinery 
regulating  cancer  cell  metabolism. 
Tumor  cells  normally  rely  on  aerobic 
glycolysis  to  maintain  cell  growth  and 
proliferation,  even  in  the  presence  of 
normal  concentrations  of  oxygen  [1], 
This  paradoxical  situation  makes  can¬ 
cer  cells  relatively  resistant  to  growth 
inhibition  in  conditions  of  oxygen 
deprivation,  and  provides  a  way  to 
rapidly  produce  the  cellular  energy  and 
metabolites  required  for  the  high  rate 
of  anabolism  that  drives  the  dramati¬ 
cally  increased  proliferation  of  cancer 
cells  [1].  This  is  an  efficient  metabolic 
mechanism  as  long  as  cancer  cells  have 
access  to  a  constant  supply  of  glucose. 
However,  cancer  cell  addiction  to  a  high 
glucose  supply  makes  them  vulnerable 
and,  therefore,  susceptible  to  nutrient 
stress.  Notably,  nutrient  deprivation  has 
been  correlated  with  poor  patient  sur¬ 
vival  [2],  suggesting  that  instead  of  kill¬ 
ing  the  tumor,  the  scarcity  of  nutrients 
can  make  the  cancer  cell  stronger.  This 
is  likely  because  the  existence  of  bio¬ 
chemical  alterations  that  allow  cancer 
cells  to  acquire  the  plasticity  necessary 
to  reprogram  their  metabolism  in  re¬ 
sponse  to  different  nutrient  conditions, 
positioning  them  better  to  compete, 


and  thus  resulting  in  a  more  aggressive 
tumor.  In  this  regard,  the  work  of  Sun 
and  co-workers  show  that  when  cancer 
cells  are  deprived  of  glucose  or  gluta¬ 
mine,  the  serine  biosynthesis  pathway 
(SSP)  is  activated  [3]  (Figure  1).  These 
results  confirm  previous  data  in  colon 
cancer  cells  demonstrating  that  glucose 
deprivation  promotes  cell  death  unless 
they  are  deficient  in  the  atypical  PKC, 
PKCq,  and  thus  they  can  synthesize  ser¬ 
ine  and  glycine  from  glutamine  through 
a  process  of  “reverse  glycolysis”  [4].  In¬ 
terestingly,  Sun  etal.  [3]  extended  these 
observations  and  made  the  important 
finding  that  the  SSP  pathway  is  activated 
not  only  under  glucose  deprivation 
condition  [4]  but  also  when  cells  are  de¬ 
prived  of  glutamine.  These  observations 
begged  the  question,  why  is  the  SSP 
pathway  so  relevant?  The  first  evidence 
of  the  importance  of  this  pathway  for 
tumorigenesis  came  from  the  studies 
of  Locasale  and  co-workers  who  found 
that  certain  cancer  cells  utilize  part  of 
the  glycolytic  carbon  for  the  serine 
biosynthetic  pathway,  which  correlated 
with  the  amplification  of  phosphoglyc- 
erate  dehydrogenase  (PHGDH;  Figure 
1)  [5],  Consistent  with  these  data,  it  was 
also  shown  that  cell  proliferation  was 
severely  attenuated  by  downregulation 
of  PHGDH  in  cells  with  an  amplified 
PHGDH  gene  [5],  This  suggests  that 
the  channeling  of  glycolytic  products 
to  this  pathway  might  have  a  number  of 
metabolic  benefits  that  cannot  be  com¬ 
pensated  by  the  import  of  extracellular 
serine.  Interestingly,  Possemato  etal.  [6] 
also  established  the  3-phosphoglycerate 
(3PG)  — »  serine  pathway  as  relevant  to 
cancer,  and  suggested  that  the  produc¬ 
tion  of  a-ketoglutarate  from  glutamine- 


derived  glutamate  during  the  conversion 
of  phospho-hydroxypyruvate  to  phos- 
pho-serine  by  PSAT1  was  the  relevant 
step  for  tumorigenesis  (Figure  1).  More 
recent  data  demonstrated  that  serine- 
driven  one-carbon  metabolism,  in  which 
oxidation  of  methylene  tetrahydrofolate 
to  10-formyl -tetrahydrofolate  is  coupled 
to  reduction  of  NADP+  to  NADPH, 
is  a  source  of  reducing  potential  with 
comparable  importance  to  the  oxidative 
pentose  phosphate  pathway  [7].  This 
pathway  also  supports  another  critical 
component  of  the  cellular  redox  system, 
glutathione  biosynthesis,  as  glycine 
is  one  of  the  three  amino  acids  (along 
with  glutamate  and  cysteine)  that  com¬ 
pose  glutathione.  This  could  explain  at 
least  in  part  why  the  SSP  cascade  is  so 
relevant  and,  according  to  the  recent 
evidences,  so  heavily  regulated. 

In  this  regard,  two  very  recent  stud¬ 
ies  further  support  this  notion.  Gottlieb 
and  co-workers  have  recently  demon¬ 
strated  that  serine  is  a  natural  ligand  of 
pyruvate  kinase  M2  (PKM2),  and  that 
serine  binding  allosterically  activates 
PKM2  enzymatic  activity  [8].  This  has 
important  metabolic  implications  due 
to  the  critical  role  played  by  PKM2 
in  the  regulation  of  the  glycolytic  flux 
(Figure  1).  Furthermore,  Thompson 
and  co-workers  presented  compelling 
evidence  that  PKM2  exerts  a  regula¬ 
tory  contribution  to  the  serine  synthetic 
pathway  [9].  Thus,  in  the  absence  of 
serine,  the  glycolytic  flux  to  lactate  is  di¬ 
minished  due  to  the  reduced  activity  of 
PKM2,  which  results  in  the  accumula¬ 
tion  of  glycolytic  intermediates  that  are 
diverted  to  the  PHGDH-driven  serine 
biosynthetic  pathway  [9].  This  model 
implies  that  cancer  cells,  by  express- 
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ing  PKM2,  can  maintain  high  levels  of 
anabolism  and  cell  proliferation  in  the 
absence  of  serine  in  the  extracellular 
milieu.  Therefore,  the  crosstalk  between 
PHGDH  and  PKM2  appears  central  to 
the  regulation  of  cancer  metabolism. 
The  results  of  Sun  et  al.  [3]  showing 
that  c-Myc  stimulated  SSP  activation 
by  transcriptionally  regulating  the 
expression  of  several  SSP  enzymes  in 
cancer  cells  adds  another  very  interest¬ 
ing  layer  of  complexity  to  the  regulation 
of  the  pathway.  However,  much  work 
remains  to  be  done  to  fully  understand 
this  complex  regulatory  cascades  and 


their  relevance  in  cancer  metabolism. 
For  example,  it  is  clear  that  PHGDH,  a 
critical  enzyme  in  the  SSP  cascade,  is 
doubly  repressed  by  PKC'c  at  the  tran¬ 
scriptional  level  and  by  phosphoryla¬ 
tion,  which  again  is  consistent  with  the 
relevance  of  this  pathway  [4].  How  this 
fits  with  the  activation  of  c-Myc  needs 
to  be  clarified.  In  the  same  vein,  the  SSP 
cascade  is  also  controlled  by  a  GCN2  — » 
ATF4  module  that  acts  as  a  sensor  of  the 
extracellular  levels  of  amino  acids  and 
that  is  important  for  mTORCl  activa¬ 
tion  [9].  Key  questions  that  remain  to  be 
addressed  are  how  nutrient  stress  regu¬ 


lates  c-Myc  to  impact  PHGDH  in  the 
context  of  ATF4  activation  and  PKCC 
activity.  Furthermore,  recent  data  from 
Valencia  et  al.  [10]  demonstrated  that 
the  downregulation  of  c-Myc  in  p62/ 
mTORCl -deficient  stromal  fibroblasts 
results  in  impaired  SSP  that  leads  to 
more  ROS  and  inflammation,  which 
creates  a  more  protumorigenic  micro¬ 
environment  in  prostate  cancer  and 
likely  in  other  tumors.  This  is  important 
to  consider  because  therapies  aimed  at 
blocking  c-Myc  or  mTORC  1  at  a  sys¬ 
temic  level  will  create  a  more  reactive 
tumor  stroma  that  will  likely  hamper  the 
therapeutic  efficacy  of  these  treatments 
in  the  tumor  epithelium. 
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